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ABSTRACT 


The requirements for quality assessment of Glass 
Reinforced Plastic (GRP) hulls in advanced performance naval 
ships have been studied. 

Important features of a Quality Assurance (QA) plan 
which could support a lower factor of safety structural 
design are explored. A survey of industry GA plans was used 
to identify siqnificant management attributes. A methodology 
to develop important technical attributes and effectively 
engineer the QA plan to any GRP ship is presented. This 
methodology is then applied to a specific ship. A recent 
feasibility design of an advanced Minewarfare Ship (MWSX), 
which was performed by the authors, is used as the example. 

The effect, detection and evaluation of defects is 
emphasized. Using existing models and a fracture mechanics 
analysis, the effects of Key defects have been quantified. 
Cracks in the edges of hull penetrations are shown to be 
critical defects that have not previously been considered 
important. Additionally, an equivalency between Key defects 
for typical design loadings is demonstrated. This 
equivalency is important in order to correctly proportion 
the efforts to control and correct defects. 

An integrated detection plan is proposed. Several 
testing and monitoring techniques are combined during 
various stages of construction and during the life of the 
ship. Unique aspects of this plan are the use of a bending 
proof test on a full scale prototype hull and the use of 
acoustic emission as a continuous, in service monitoring 


2 





technique. 
Example evaluations of typical defects are made based 


on current standards and procedures. The results are 
compared for consistency to the estimates of the effects of 
defects previously derived. The lack of guidance on the hole 
with cracks defect is considered to be a major shortcoming 
of current standards that must be adequately addressed 
before a lower factor of safety design can be realized. 

Detailed recommendations for further research and 
development needed to advance the science of GA for GRP ship 
hulls are provided. 
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CHAPTER 1 


INTRODUCTION 


This thesis presents the framework for a technical plan 
for quality assurance of glass reinforced plastic (GRP) used 
in advanced performance naval ship hulls. 

At present, high structural factors of safety dominate 
glass reinforced plastic (GRP) structural designs and 
discourage the expansion of GRP use in ship hulls. These are 
in part a result of the very limited quality assurance 
procedures used with GRP hulls. It is envisioned that lower 
factors of safety will be demanded by future weight—-limited, 
high performance ship applications. These anticipated 
applications provide the motivation for this thesis. 

The framework identifies the significant management and 
technical attributes of a quality assurance plan (QAP). The 
results of a survey of industry quality assurance plans are 
used to identify important management attributes. A 
simplified methodology is developed to aid in identifying 
the important technical attributes. Once the methodology is 
defined, several Key technical attributes are explored for a 
specific advanced performance naval ship. The development of 
the technical attributes constitutes the major thesis 
effort. Within this effort, the criticality of various 
defects and their subsequent detection and evaluation are 
emphasized. Several damage assessment models were analyzed 
to estimate flaw criticality. 
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CHAPTER 2 


BACKGROUND 


2.0 QVERVIEW 

The development of a quality assessment plan for GRP 
ship hulls requires Knowledge of the materials to be used, 
applicable inspection standards, available inspection tools 
and an understanding of the techniques implemented in the 
past and their relative performance. This chapter wil] 
provide the following necessary bacKground information 
needed to set the stage for the plan development: (1) the 
status of the reinforced plastics industry, (2) the 
characteristics of glass reinforced plastics, and (3) the 
past and present GRP inspection standards and methods 
employed. Additionally, GRP sandwich structure is briefly 


addressed and later detailed in Chapter 4. 


2.1 STATUS OF GRP INDUSTRY 

The use of glass reinforced plastics (GRP) was 
initially hindered by the relatively high cost of raw 
materials and slow, expensive processing methods. In the 
last two decades, the GRP industry has exhibited strong, 
steady growth due to various reasons. As shown in Table 1 
[ijJ, the advantages of use now outweigh the disadvantages 
for many applications. As reflected in Figure 1 [2], 


continued significant advances in the development of 


is 





reinforced plastic materials with tncreased structural 
strength and modulus to wetght ratios are predicted. These 
improved performance qualities of GRP are being explored and 
implemented by other nations. This is especially true in the 
various mine warfare ship construction programs as shown in 


Table 2 [3]. 


2.2 CHARACTERISTICS OF GRP 

Since magnetic mines were first introduced into naval 
warfare, it has been customary to construct minesweepers and 
mine countermeasures vessels of non-magnetic materials. In 
the case of hull structure, the traditional approach has 
been to use wood construction, generally with heavy 
multiple-layer planking over laminated transverse framing. 
The technology of wood construction has not evolved 
significantly from the early heritage of sailing ships and 
the traditional techniques are still being used for the 
construction of wood trawlers and pleasure craft. The use of 
wood has steadily declined in recent years due to many 
factors tncluding lower production rates as compared to GRP, 
the increased shortage of high quality wood and its 
susceptibility to environmental degradation [4]. 

Qualitatively, the use of GRP also offers attractive 
alternatives to steel ships, such as: (1) materials are less 
energy intensive, €2) reduced construction time allowing for 
rapid mobilization, 3) reduced overhead and production 


costs, (4) elimination of magnetic signatures and eddy 
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currents, (3) higher strength to weight ratio, (6) reduction 
in ship radiated noise, and (7) reduced hull maintenance 
(5). Figure 2 provides a more detailed listing of the 
advantages of using GRP as a hull structural material. 
These improvements are not limited to ships with 
restricted magnetic signature requirements. Other high 
performance craft including surface effect ships (SES), 
submarines, deep submersibles and small waterplane area twin 
hull (SWATH) ships could further benefit from the reduction 
of hull structural weight as well as the other advantages. 
The relative improvement of these ship performance 
characteristics are a function of the specific GRP design; 
i.e. sandwich versus mono-skin, relative factors of safety 
employed and relative hull girder deflections allowed. 
Quantitatively, the structural use of GRP compares 
favorably with conventional shipbuilding materials. Table 3 
provides a material property comparison between GRP and 
other shipbuilding materials [1,2]. Table 4 provides a 
similar comparison but concentrates on the driving ship 
performance properties including material acquisition cost, 
total structural weight, producibility and magnetic 
signature [3]. Table S provides a more detailed cost 
comparison to emphasize the competitive material and 
production cost of GRP relative to steel (5). Figure 3 
compares the stress-strain curves of these materials 
emphasizing the elastic toughness Carea under the elastic 


part of the stress-strain curve) of GRP (6). 
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The decision made to use GRP should be made based on a 
weighted comparison of these and other qualitative and 
quantitative performance aspects of GRP as compared to 
alternate materials. The attribute weighting is a function 
of the hull material selection philosophy. Increased use of 
GRP and other composites should promote new technology and 
spark innovation, thus advancing automation and improved 
production methods. These additional improvements make the 
use of GRP more favorable. 

The general use of glass reinforced plastics (GRP) has 
risen considerably within the last decade and projected 
trends are favorable as shown in Table 6 (7,8]. The 
increased GRP usage also applies to marine applications, 
both structural and non-structural. Glass reinforced plastic 
materials are currently being used in the construction of 
minesweeping ships, submarine sonar domes, masts, propeller 
shaft coverings, protective coverings for wood and steel, 
storage tanks, pipes of all sizes as well as many other 
applications. 

The structural use of GRP in U.S. naval applications is 
still in its infancy, not unlike the use of steel a half 
century ago. Due to initial structural inadequacies, 
catastrophic failures and other concerns, the U.S. Navy 
spent extensive resources in the development of a quality 
assurance program for steels [(9,10,11]. It appears that a 
similar approach must be taken with GRP. It is critical to 


note, however, that the established quality assurance 
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program must be tailored to GRP, not a mere clone of the 
steel program. GRP is not a metal: it is not a homogeneous 
isotropic material, it cannot be welded, it does not arrive 
at the construction site from the composite mill in standard 
plate sizes, but is made on site. GRP does not carry load or 
fracture in the same manner as does steel; it is an entirely 
different type of material and it must be treated as such. 
GRP could receive undeserving bad publicity unless its 
introduction into ship hull structures is adequately 
managed. Design engineers, machinists, and quality assurance 
specialists must not assume they Know GRP based on their 
Knowledge of steel. Even though this material has been used 
as a hull material by foreign navies,. the United States is 
Just beginning to use GRP as the hull structure for high 
performance naval ships. In effect, the material must 
undergo the arduous path of material certification and 
acceptance. As stated by the National Advisory Board, the 
constraints or factors promoting the use of new materials 
can be classified under the generic headings of: (1) 
technical factors, 2) economic factors, (3) contractual 
factors, and 4) management and organizational factors [12]. 
Appendix A summarizes the various constraints and promoting 
factors, and the associated possible solutions or actions 


for the accelerated utilization of a new material. 
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2.3 PAST AND PRESENT GRP INSPECTION STANDARDS AND METHODS 

The ability to define, implement and maintain quality 
is considered a major subset of the above factors and a 
prerequisite for the continued and increased shipboard use 
of GRP. Improved ability to characterize the quality of the 
end product will raise confidence and permit reduction of 
the design factor of safety. The problem is not only one of 
locating defects, but also developing non-destructive 
evaluation techniques to determine the effect of defects 
upon laminate mechanical properties. 

The selection of the best nondestructive inspection 
(NDI) and subsequent nondestructive evaluation (NDE) 
techniques for a specific application requires detailed 
Knowledge of the application. For example, the required 
inspection equipment sensitivity, the desired reliability of 
the application and the cost constraint imposed must be 
Known to effect a proper selection. The NDI techniques used 
for metals can not be applied to GRP without alteration. 
Metals have a consistent homogeneous structure which makes 
detection and evaluation of defects more convenient. In 
contrast, the structure of GRP is a function of the type of 
material used, the layup scheme and the layup quality. 
Composite materials are inherently non-homogeneous and 
slight variations in the fabrication procedure can produce 
internal flaws and compromise structural integrity. The 
development of techniques for detecting such flaws is of 


increasing concern due to the growing popularity coef fiber 
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reinforced composites. 

Each of the U.S. Navy’s GRP quality specifications are 
either based on small GRP boat technology or are extensions 
of the research on high performance carbon reinforced 
composites for aircraft which is largely on thin 
laminates). These specifications require a great deal of 
subjectivity on the part of the QA specialists and 
incorporate many go-no go tests that may be over-simplified. 

The dominant in-process and post-construction method of 
inspection employed for defect detection in GRP ships is 
visual inspection with the aid of intense light [5,13]. The 
use of ultrasonic inspection has for the most part been 
limited to hull thickness verification [5,13]. In general, 
the quality of present day GRP naval structures relies 
mostly on raw material control, sound (¢but conservative) 
structural design, and rigid control and implementation of 
the production method employed [14]. 

GRP materials present new problems and challenges, both 
in flaw detection and in assessing the influence of flaw 
characteristics on performance. Accurate determination of 
the influence of a given flaw geometry upon strength and 
stiffness is considerably more difficult than the classical 
fracture mechanics approach due to the complex damage 
Geveloped and the multiple failure modes of the GRP 
material. However, in assessing the performance of GRP, it 
is reasonable to start by attempting to utilize the methods 


of fracture mechanics. 
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2.4 GRP STRUCTURAL SANDWICH 

The particular type of GRP considered in most of this 
study is structural sandwich. Structural sandwich consists 
of three basic elements as shown in Figure 4 [2] : 1) a pair 
of thin, strong GRP facings; 2) a thick, lightweight core to 
separate the facings and carry loads from one facing to 
another; and 3) an adhesive bond which is capable of 
transmitting shear and axial loads to and from the core. 
Figure 5 £14] provides a typical bending and shear stress 
distribution through the sandwich thickness. An analogy can 
be made to a steel I-beam: the core is the web and the skins 
are the flanges, while the adhesive is the weld. 

The sandwich structure is extremely efficient and is 
considered an optimum method to use when combining high 
flexural rigidity and low weight [2,14,15]. As shown in 
Figure 6 [2], a relative weight increase of 6 percent can 
yield a 3900 percent increase in relative flexural rigidity 
as compared to solid GRP. The principle of the I-beam, with 
savings in weight and optimum strength and stiffness as the 
main objectives, has been taken a step further with the 
sandwich concept. Local stresses and impacts applied to one 
side of a sandwich have a reduced local effect compared to a 
standard I-beam configuration because the exposed skin and 
the core distribute the loads into a larger area of the 
sandwich structure [5,15]. This provides for an extremely 


efficient structure with respect to stiffness and wetght. As 
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illustrated in Figure 7, GRP sandwich designs can have a 
higher factor of safety for equal structural weight as 
compared to other shipbuilding materials. The corollary is 
also true. GRP designs with equal factors of safety can 
provide a marked reduction in structural weight [5]. As 
ijlustrated in Figure 8, hull structural weight is strongly 
dependent on the factor of safety [3]. In fact, reducing the 
factor of safety from 7.0 to 3.0 results in a 265 ton or 654 
reduction in hull} structural weight [3]. 

Besides possessing an excellent flexural rigidity to 
weight ratio, the GRP sandwich construction offers other 
favorable attributes as compared to steel, including [5,16]: 
(1) reduced hull maintenance costs, C2) fewer transverse 
frames required thus increasing arrangeable space while 
reducing labor requirements, (3) adequate shock resistance, 
€4) competitive production costs, (5) simplified fitting 
out, €6) double hull safety against water penetration, (7) 
reduction in thermal and acoustic signatures, and (8) no 
detectable magnetic signature. 

Sandwich structures should be designed to meet the 
following structural criteria for a given set of design 


loads [2]: 


1. The facings should be thick enough to withstand the 
tensile, compressive, and shear stresses 


Zz. the core should have sufficient stiffness to 
withstand the shear stresses. 


3. The core should be thick enough and have sufficient 
shear modulus to prevent overall! buckling of the 


Z1 





sandwich. 

4. The compressive modulus of the core and the 
compressive strength of the facings should be 
sufficient to prevent wrinkling of the face. 


3. The core cells should be small enough to prevent 
intracell dimpling of the facings. 


6. The core should have sufficient compressive strength 
to resist crushing by design loads acting normal to 
the panel facings or by compressive stresses induced 
through flexure. 


7. The sandwich material must exhibit adequate overal | 
stiffness to limit local and global hull deflections. 


In order to meet the design criteria and thus prevent 
the sandwich structure from failing in any one of the 
failure modes, several factors must be determined. 
Specifically, the design loads must be Known and modelled, 
the structure then must be modelled, a factor of safety 
assigned and the typical desiqn sequence carried out. In the 
case of a naval ship hull, the assignment of the factor of 
safety is not arbitrary. On the contrary, the factor of 
safety is composed of several elements as indicated in 
Figure [5]. It is hypothesized, based on the components of 
the static and dynamic design factors, that the factor of 
safety could be reduced by some 30-40% by simply improving 
the level of quality assurance. The Key parameter that 
influences the magnitude of the factor of safety is the 
performance requirements of the particular platform. In 
general, the naval ship must be survivable. This means that 
the ship must [C1i7J] : ¢€1) be resistant to underwater shock, 
C2) resist the operating environment, which is everchanging 
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and thus difficult to mode!, and ¢€3) deploy when called on 
and withstand the actual load history for the expected 


platform life. 
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CHAPTER 3 


SIGNIFICANT REQUIREMENTS OF A 
GENERAL QUALITY ASSESSMENT PLAN 


3.0 QVERVIEW 

This chapter is intended to discuss the most 
significant managerial and technical attributes of a quality 
assessment plan (QAP) for GRP ship hulls. It is not intended 
to cover the entire realm of attributes necessary for a 
complete quality plan. A survey of existing plans has been 
performed to determine the management attributes. Attributes 
were selected from each plan and tailored for GRP 
application. Due to the lack of existing technical 
attributes, it is proposed that a series of application 
dependent questions be addressed. 

A quality plan developed for any given application 
consists of general and specific attributes. The general 
attributes pertain to all GRP ship hull programs while the 
specific attributes are tailored to a particular program 
application. 

Following a brief introduction to quality control, this 
chapter elaborates on the significant attributes of a 
generalized QA plan for GRP structures. Chapter 4 develops 
the technical attributes for a particular program 
application by answering the application dependent questions 


proposed in this chapter. 
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3.1 QUALITY ASSURANCE BACKGROUND 

In the earlier days of the U.S.Navy, quality was 
attained soley by the quality of materials and the 
craftsmanship of the worker, followed by an inspection of 
the finished product. This was an acceptable method in that 
the vessels and their systems were quite simple, defects in 
workmanship and procedures were quite easily recognized, and 
the consequences of a failure were relatively easily 
repaired and non-catastrophic. In today’s Navy, none of this 
is true. Ships and systems have become extremely complex and 
therefore require a high degree of quality control to assure 
that the platform conforms to the shipbuilding specification 
[18]. \ 


The American Heritage Dictionary of the English Lanquage 


defines quality, assurance and control as follows [19]: 


Quality : " A characteristic or attribute of 
something; a feature, the natural or essential 
character of something, excellence; superiority, degree 
or grade of excellence." 

Assurance : "The act of assuring, a statement or 
indication that inspires confidence." 

Control : "Authority or ability to regulate, direct, 


or dominate; a restraining act or influence." 


Taking these words one step further, the definition for 


industrial or contractor quality control could be 
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interpreted as "An effective system for integrating the 
quality-development, quality-maintenance, and 
quality-improvement effort of the various groups in an 
organization so as to enable marketing, engineering, 
production, and service at the most economical levels which 
allow for full customer satisfaction" £20]. The word quality 
does not imply best in an absolute sense, but rather best 
based on the customer’s requirements. The words control and 
assurance represent a management tool used to meet the 
required quality. 

The customer, the U.S.Navy in this case, must demand 
that the ship, including the hull structure, is built per 
specification. The U.S.Navy uses the Ship Acquisition 
Contract Administration Manual ¢€SACAM for contractual 
Quidance. SACAM states "contractors establish and maintain 
inspection quality programs which assure that the work 
required by their contracts conforms to the applicable 
contract and specifications, and offer to the Government for 
acceptance only those supplies and services that conform to 
contractual requirements and, when required, maintain and 
furnish substantiating objective quality evidence of this 
conformance” [21]. 

At present, the quality related documents used By both 
the contractor and the customer for GRP laminated products 
consist of ¢€1) NAVSHIPS 250-346-2 INSPECTION MANUAL FOR 
FIBROUS GLASS REINFORCED PLASTIC LAMINATES , and (2) general 


and detailed specificetions which are contract dependent. 
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These documents are largely products of the thin GRP boat 
era. They may place overly restrictive or inadequate 
requirements on the material. Additionally, emphasis is 
placed on the use of visual inspection as the significant 
NDI tool employed to detect defects. The determination of 
which defects are most critical, which NDI method to use and 
other important quality related issues are each difficult to 
make. It is proposed that the technical attributes of a GAP 
are largely platform and platform mission dependent and can 
be determined by answering a series of questions. Figure 10 
is a function-based flow chart which outlines the basic 
approach used to determine the generalized attributes. 
3.2 DEVELOPMENT OF GENERAL MANAGEMENT ATTRIBUTES 

Several quality documents were reviewed for their 
utility in the formulation of superior management 
attributes. Quality programs reviewed included: (1) U.S. Air 
Force Advanced Composites Design Guide [22], (2) U.S.Navy 
Inspection Manual For Fibrous Glass Reinforced Plastic 
Laminates NAVSHIPS 250-346-2 [23], (3) Diab-Barracuda AB, 
Sweden Production Inspection Plan [24], ¢4) HITCO Quality 
Inspection Plan (£25) and (5) KarlskKronavarvet AB, Sweden 
Inspection Plan GRP-Sandwich number GRP 85-01 [26]. The 
attributes listed below were taken from the referenced 
documents and are considered as candidate attributes 
important to a labor intensive GRP hull construction 


prooram. 
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1. 


To insure the successful application of GRP structures, 
it is essential that a quality assurance program be 
established that considers all aspects of the design and 
application operations. Figure 11 [(22] depicts a typical 
program that begins with the design interface. Quality 
assurance must maintain close coordination with the 
design and production team throughout the design effort. 
This will help to insure tnspectability of the finished 
product and give the quality control engineer necessary 
understanding of the structural criteria. The 
coordination its tmportant. If effective, it will lead to 
a successful application [22]. 

The GAP must exhibit an effective organization to 
control the labor intensive, progressively less 
reversible process [23]. 

The GAP must provide for GA training...not just for the 
QA department personnel, but for the manufacturing force 
also. This enables the worker to understand the 


necessary quality of his or her product [22-26]. 


4. The GAP must provide for various frequencies and levels 


of testing. The level and the nature of the test is a 
function of the timing tn the assembly process and the 


importance of the step [22-26]. 


>. The most difficult step tn the majority of quality 


processes is controlling the human element. Automation 


is gradually replacing man in previously labor tntensive 
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processes. These processes exhibit superior quality due 
to their ability to : ¢a> continuously monitor, ‘¢b) Keep 
records automatically and accurately and (c) be easily 
altered in case of casualty or change [24]. 

The GAP must be Kept simple, easily implemented, 
tailored to the end product and maintained at the 
correct level based on product design requirements [20]. 
A clear statement of the impact that the QA program will 
have on the total production is necessary. This will 
keep the GA effort consistent with the overall design 
approach. The platform design and the production methods 
employed will drive the degree of quality. 

Quality control of composite materials requires extra 
responsibility since the composite laminates are 
produced on site from various intermediate products. In 
contrast, metal materials require only mechanical and 
thermal operations to assemble them into a structure. 
Three distinct phases of the quality control effort are 
required; (a) incoming raw materials must be inspected 
for conformance to material specifications, ¢b) 
in-process quality control must be established for 
conformance to processing specifications during 
fabrication of the composite material, and (c) asa 
final check, some combination of destructive and 
nondestructive testing of the finished structure must be 
performed. Figure 1i2 illustrates, in general, the 


inspection requirements for a composite material [22]. 
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The problems caused by the heterogeneity of composite 
materials in the establishment of realistic quality 
control standards must be clearly understood. In 
homogeneous materials, standards can usually be 
established for the material alone; however, in the case 
of composite materials, such standards must be related 
to the specific orientation and intended use of the 
composite. The only specifications which are likely to 
be generally applicable are those which refer to methods 
controlling the production process. All other 
requirements relating to properties, test methods, test 
specimen selection, and nondestructive testing must be 
established for each type of application, with close 
cooperation between the design, materials, 
manufacturing, and inspection functions [22]. 

There is a continuing tradeoff between cost, schedule 
and quality (€21]. The ultimate success or failure of an 
otherwise adequate QA plan can depend on whether it is 
compromised in efforts to meet the cost or schedule 
goals. Often the quality issues become a burden as 
circumstances arise which had not been considered in the 
original plan development. From a potential buyers 
viewpoint, the customers must ensure that they are 
receiving vessels that meet all the specifications of 
the contract. From the designers point of view, the 
contractor must define the level of quality that can 


realistically be achieved. To perform this, the 
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contractor must identify the tools that are available, 
or that can be developed, to assure that required level 
of quality. In all cases, the minimum quality level must 
be sufficient to avoid obvious blatant construction 


defects before more elaborate methods are addressed. 


Not all of the plans reviewed directly apply to the 
shipbuilding industry. In fact, Karlskronavarvet AB, Sweden 
Inspection Plan For GRP-sandwich number GRP 85-01 was the 
only document reviewed that was prepared exclusively for a 
labor intensive GRP ship hull production program. Al though 
adequate, this document concentrates on visual inspection as 
the dominant NDI tool. Karl skronavarvet’s quality plan has 
been included as Appendix B for referral. 

The ship hull application is basically different from 
others in several respects. For example, compared to other 
products: (€1) The performance of a naval combatant ship is 
not easily measured. For a naval ship, performance is the 
summation of various parameters including platform 
acquisition cost, platform life cycle cost, survivability, 
weight, expected platform life and many others. (2) The 
environment for hull construction is far from being 
laboratory clean. ¢3) The complex and large shape of the 
hull structure complicates staging requirements and limits 
cure to room temperature. (4) Due to the thickness 
requirements of the GRP hull structural sandwich facing, the 


hull material is opaque and renders visual inspection less 
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effective. (5) The construction materials used and the large 
laminating surface create a potentially hazardous 
styrene-rich layup environment which its awkward to work in 
and generally employs unskilled, low paid labor. This often 
leads to Tess intelligent and less motivated personnel which 


increases the risk of production defects (1,13). 


3.3 THE DETERMINATION OF TECHNICAL ATTRIBUTES 

Unlike the management attributes, the technical 
attributes are products of the particular platform 
characteristics. They are the backbone of the GAP. Concern 
is with the quality of advanced naval vehicles constructed 
of GRP. In order to determine the required technical 
attributes, it is proposed that a series of questions be 
developed. These questions, when answered, effectively 
engineer the QAP to complement the particular platform. 

There is no published guide available that lists all 
the right ingredients and questions that must be addressed 
when developing a GAP for GRP hull construction. The 
particular questions proposed were determined by review of 
the thought sequence and the questions addressed in 
conventional ship structural designs [27] along with the 
features of the quality assessment of high performance 
composites (€22]. Figure 13 illustrates the type of questions 
addressed in a typical advanced composite quality assessment 
program [22]. 


To the Knowledge of the authors, the plan scutlined here 
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is the first such treatment of this topic. It is proposed 
that the following questions (Figure 10) be asked and 
subsequently answered for a specific application in order to 
determine the important technical attributes of the quality 
plan. In addition to each question, a corresponding summary 


of available choices is provided. 


Question 1: What are the mission requirements ? 


The choices include minehunter, minesweeper, 
anti-surface warfare, anti-submarine warfare, anti-air 
warfare, etc. The answer to this question will normally 


determine the platform requirements. 


Question 2: What are the platform requirements ? 


The choices include underwater shock resistance, 
Tongitudinal bending, maximum hull deflection, 
acquisition cost, endurance requirements, ballistic 
protection requirements, magnetic signature 
requirements, acoustic siqnature requirements, pressure 
signature requirements, sprint and endurance ship 
speeds, etc. The answer to this question will normally 


determine the important material design parameters. 
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Question 3: What are the driving material design 


parameters ? 


The choices include interlaminar strength, compressive 
strength, shear strength, tensile strength, flexural 
strength, fatigue strength, impact strength, stiffness, 
material acquisition cost, material production cost, 
material structural weight, material maintenance 


requirements, etc. 


Question 4: Where are the stress critical areas on the 
ship ? Certain areas of the ship are critical due to 
the platform shape, geometry and mission requirements 


demanded. 


The choices include the Keel area, the bow, the shel] 
plating below the waterline and the superstructure 


7,277. 


Question 5S: What are the important defects ? 


The choices include delaminations, voids, inclusions, 
uncured resin, improper overall glass to resin ratio, 
cracks, local omission of layers of glass fiber, 
discoloration, crazing, blisters, resin starved and 
rich areas, wrinkles, reinforcement discontinuities, 


improper thickness, foreign object damage, construction 
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and assembly defects, etc. Description of each of these 
defects are well documented (28] and is not detailed 
here. In addition to the above production process and 
in-service generated defects, intentionally designed-in 
features including access holes, various attachments 
fastened to the face, and hull penetrations need to be 
addressed. The relative importance of these defects and 
designed-in features (which may act as flaws) needs to 
be determined. Chapter 4 performs this in detail based 
on the the results of a defect survey, damage 


assessment models and first principles. 


GQGuestion 6: How can defects prevented ? 

The choices include proper supervision, improving the 
production method, material screening, training of 
personnel, incorporation of automation to eliminate the 
man interface in a labor intensive production process, 


etesri13,i14)]. 


Question 7: How can defects detected ? This question 


is the most difficult to answer and is therefore 


divided into several sub-questions. 


Question 7.1: What are the specification standards 


that must be met for the given platform ? 
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Question 7.2: What destructive tests should be used 


The choices include the evaluation of sample plugs 
from the hull, the testing of built-in test tabs, 
and various physical material tests performed on 
scrap material including hull penetration cutouts. 
The physical tests include interlaminar shear, 
flexural strength, tensile strength, void content, 
resin content, degree of cure, core bond and fatique 
[22,26]. In general, the present ASTM test methods 
are proven for thin laminates, but need to be 
Validated for thick laminates. 

Question 7.3: What nondestructive test methods 


should be used ? 


The choices include thermography, acoustic emission, 
low frequency ultrasonic, impedance mismatch, 
optical fibers, low energy Xray, visual, sonic coin 
tapping, holography, proof testing, imbedded strain 
gages and others [29,30,31]. Table 7 [32] provides a 
comparison of NDE methods. This comparison includes 
parameters sensed, flaws detected, types of 
applications, advantages and disadvantages for each 


method. 
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Question 8: How can the test methods be integrated 7 


The plan recommended for a particular application will 
depend on the needs of the program. Items that wil] 
influence the integration include the defects present 
and their relative importance, selected inspection 
methods, standards and specifications, and the 
proportioning of the QA effort in the stages of 


construction. 


Question 9: How can defects be corrected ? 


The choices include the various established methods 
used by foreign navies and using the results of ongoing 
research [(5,13,14,33]. The defect correction procedures 
must address permanent repair, replacement and 


temporary repair. 


Question 10: How can defects evaluated ? 


The choice includes comparison with various standards. 
Consideration must be given to ensure that the 
standards reflect the relative importance of the 
defects and place the defects in proper platform 
perspective. The defect location and the methods 
available for repair should influence the evaluation 


decision. The ultimate evaiuation must determine if the 
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defect is allowable as is with no waiver needed, needs 


to be corrected, or is waived based on an engineering 


assessment. 


Question 11: How can the GA effort be proportioned 


between the various stages of construction ? 


The stages include pre-construction, construction and 


post-construction. 
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CHAPTER 4 


DEVELOPMENT OF SPECIFIC QUALITY ASSESSMENT 


ATTRIBUTES FOR AN ADVANCED NAVAL VEHICLE 


4.0 OVERVIEW 

The purpose of this chapter is to apply the general 
assessment criteria described in Chapter 3 to a specific 
case. AS proposed in Chapter 3, the technical attributes of 
a quality assessment plan can be developed through answering 
a series of questions for the particular application. The 
case that is addressed is an Reine d. have vehicle called 
the Mine Warfare Ship Experimental (MWSX) [3]. The ship is a 
transversely framed monohull) which is weight limited and has 
a low factor of safety structural design. The hull material 
is GRP sandwich. The components of the sandwich are woven 
roving (WR) and chopped strand mat (CSM) faces with 
isophthallic polyester resin matrix and a high performance 
polyvinylchloride ¢€PVC) foam core. The mission of the ship 
is minehunting and mine neutralization. Appendix C contains 
a design summary of the MWSX [3]. While it is recognized 
that sophisticated production methods improve quality, this 
section assumes that the production method is fixed. The 
assumed production method is semi-automated. The WR/CSM is 
impregnatcor dispensed with proper resin content using manuai 


placement and consolidation of plies over a male mold. 
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4.1 ASSESSMENT OF TECHNICAL ATTRIBUTES 


With the project and production method fixed, the 
proposed Questions 1 through 11 need to be answered and 
recommendations made as to the technical aspects of the 
quality assessment program. The criteria contained in 
Chapter 3 consist of a series of platform dependent 
questions where the answer to each question depends on the 
answer to the preceding questions. Questions 1 through 4 are 
important, but are briefly answered. They serve to set the 
stage to answer the more interesting questions. The answers 
to these initial questions are based ee previous design 
experience [5,13,16] and available test data. Each of the 
questions proposed in Section 3.3 will be answered, but the 
majority of the effort will be applied to Question 5 (defect 
importance), Question 7 (defect detection) and Question 10 


(defect evaluation). 
Question 1: What are the mission requirements ? 


The mission of the selected platform is that of a 
minehunter and minesweeper. The ship must be capable of 
detecting and neutralizing surfaced and submerged 
pressure sensitive, acoustically-triqgered and magnetic 
mines. The ship must be capable of operating 


independently while performing its mission in various 
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environmental conditions. Appendix C and Reference [3] 


provide additional mission related requirements. 


Question 2: What are the platform requirements ? 


Based on the platform mission, the performance 
requirements that drive the structural design include, 
in order of importance: underwater shock, shel] 
buckling, impact by wave slamming, hull girder and 
panel deflections, and longitudinal bending [3]. In 
general, the performance requirements were a function 
of hull geometry and location. The underwater shock 
requirement drove the design of the hull below the 
waterline [3]. Underwater shock can cause failure by 
shear yield of the PVC core [5], or by producing and 
propagating skin or skin-core interface delaminations. 
There are no ballistic protection requirements for this 


design. 


Question 3: What are the driving material desiaqn 


parameters ? 


Based on the driving performance requirements, the 
material design parameters that are most important in 
this particular design include adequate values of: (1) 
interlaminar shear strength cf the skin and the 


skin-core interface to resist delaminations, (2) core 
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shear strength to resist shock loading, ¢3) skin 
stiffness to resist shell buckling and limit panel 
deflections, (4) fracture toughness to resist flaw 
propagation and impact loading and (5) laminate 
compressive strength to resist longitudinal bending and 
panel buckling [3,5]. Several other design parameters 
including cost and producibility play equally important 
roles, but were not considered here because the hull 
materials used and production method employed were 
assumed fixed. Reference [3] performs the detailed hull] 


material selection and structural design based on these 


additional parameters. 


Question 4: Where are the stress critical areas on the 


ship ? 


Based on the structural desiqn of the MWSX [3] and 
past naval ship designs [27], the stress critical areas 
on the hull include Cin order of importance): (1) the 
Keel area due to underwater shock, longitudinal bending 
and groundings, ¢2) the bow due to wave slamming and 
mooring accidents, and (3) the shell plating below the 


waterline due to shock and various impacts. 


Question S: What are the important defects ? 


The defects that affect the design parameters from 
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Question 3 can be classified as either Type A or Type 
B. Type A are gross defects including such items as 
large inclusions, improper glass to resin ratio, 
omission of reinforcement plies, and blatant errors in 
the production process such as a glove left in the 
laminate. Type B defects are more subtle, but can be 
equally severe. They include voids, delaminations, 
blisters, reinforcement discontinuities, holes, 
notches, stress concentrations due to hull cutouts, 
discoloration from excessive exotherm or water damage, 
resin starved and rich areas, wrinkles, uncured resin, 
cracks, and foreign object damage. 

These defects can occur during the hull 
manufacturing process. Type A defects are extremely 
important. Even though they are generally 
controllable, their absence must be assured. Type B 
defects are generally less controllable and will be the 
focus of this section. 

Based on the important material design parameters 
obtained from Question 3 and the Type B defects listed 
here, voids, delaminations, reinforcement 
discontinuities, holes, and notches are considered the 
most limiting defects jeopardizing quality, and were 
chosen for further evaluation. These defects are 
considered to be the most common and have the most 
potential for degradation [3,5,14,28,34]. In order to 


estimate the effect of these defects, several models 
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that predict performance degradation of composite 
laminates as a function of defect type and location 
were evaluated. These models address individual defects 
independently and not interactions between different 
defects. 

Paragraphs 4.1.1 through 4.1.4 describe the 
particular models addressed. The model assumptions, 
limitations, findings and recommendations are provided. 
Details of model development including calculations are 
contained in the corresponding appendices. 

The level of detail contained in the following 
paragraphs is greater than in the answers to the 
earlier questions. This is Mona tent with the 
complexity and relative importance of assessing flaw 
criticality in the development of a GRP quality 


program. 


4.1.1 VOID MODEL EVALUATION 

This section examines the effects of voids on 
interlaminar shear strength CILSS>) and compressive 
strength. Voids are defined and discussed, then 
analytical and empirical models which predict the 
effects of voids are examined. The model used in 
comparing the effects of voids to the effects of other 
defects is described, and results are provided. 

Besides the large cavities that may occur as a 


result of gross manufacturing errors, there are 
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generally two types of voids: (1) voids along 
individual fibers void diameter related to fiber 
spacing and typically between 3-20 micro meters) and 
(2) voids between laminae and in resin rich pockets 
(351. 

A standard test to measure void content is 
available in ASTM D2/734-70. The void content can be 
determined from the weight of the fibers and the weight 
of the resin in a Known weight of composite material. 
The accuracy of this test is reported to vary from + 
0.5% £35] to + 1.64% [36] due to the reliability of 
density measurements. The void content is usually 
expressed as a fraction of the iota) volume. The total 
volume is made up of resin and fibers while the 
remainder is called voids, or sometimes porosity. 

Voids can be caused by incomplete wetting out or 
improper ply consolidation. This leads to the 
entrapment of air. Another cause of voids is the 
entrapment of volatiles produced during the cure cycle 
of the resin. These can be residual solvents or 
products of the resin chemical reaction which volatize 
as a result of the increased temperature associated 
with the exotherm [35]. 

The effect of voids on ILSS has been studied. From 
an evaluation of a large data base, Judd and Wright 
concluded that the ILSS of composite materials 


decreases 7% for each 14 of voids up to a total void 
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content of 4% [35]. The decrease was approximately 
linear and the results were valid regardless of the 
type of resin or the type of fiber. By viewing voids as 
small cracks, Corten (€37] used a fracture mechanics 
analysis to quantify the effect of voids on ILSS. By 
assuming that an equivalent crack Jength is 
proportional to the cube root of the void content, a 
non-linear fit of similar data was made (see Appendix 
e=1)'. 

Figure 14 shows how both approaches provide good 
representations of the data. However, the fracture 
mechanics approach indicates a leveling off of ILSS for 
void contents greater than 34%. gies the broad based 
analysis by Judd and Wright may be conservative. 
Research by Cable and Thomas [38] supports this. Their 
work, which is part of a larger ongoing effort in this 
area at MIT, is included in Appendix D. Their results 
indicate that voids, intentionally induced in thin 
Qraphite epoxy laminates, had a much smaller effect on 
ILSS than predicted by either of the previously 
mentioned studies. For the specimens with the most 
severe porosity, no degradation in ILSS was observed 
using a maximum load failure criterion. Based on a 
first significant reduction in modulus failure 
criterion, a 30% reduction in ILSS was reported. This 
degradation corresponds to a void content af 


approximately 4% based on the prediction of Judd and 
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Wright. Micrographs of these samples clearly show 
substantially more than 4% void content (but the voids 
are concentrated in mid-thickness region). 

The effect of voids on compressive strength is 
very similar to the effect on ILSS. For void contents 
from 0.5 to 6%, compressive strength exhibits a 
generally linear decrease of approximately 6% for each 
1% increase in void content [37]. Another model by Foye 
shows a non-linear fit which , as with ILSS, is also 
representative of the data [39]. Appendix E-2 adapts 
Foye’s model to predict the trend of compressive 
strength degradation in GRP due to voids. The results, 
shown in Figure 15, indicate a leveling off of 
compressive strength for void contents above 
approximately 3.9%. This result is slightly less 
conservative than the linear prediction. 

Based on the reduced effect of voids observed by 
Cable and Thomas, Foyve’s model was chosen as 
representative of the effect of voids on compressive 
strength and subsequently used to compare the effect of 
voids with the effect of other defects. Figure 16 shows 
the prediction of this model normalized to the 
compressive failure stress in flexure. A void content 
of 4% reduces the flexural strength in the compression 


mode by 262. 
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4.1.2 DELAMINATION MODEL EVALUATION 





To evaluate the criticality of a delamination 
flaw, five existing models were examined and adapted to 
the MWSX advanced naval platform. 

Two of the models consider the shear propagation 
of a delamination. The other three models consider a 
buckling instability failure caused by delamination. 
Only two models were originally derived for sandwich 
construction, while the others have been adapted by 
approximate analogy methods to estimate their general 
significance. 

Shear Propagation of Delaminations 

The first model by RamkKumar et. al. [40] 
formulates a closed form solution for the static 
failure analysis of a graphite/epoxy (GREP, AS/3501) 
beam with a full width delamination at any axial 
location between any two laminae. The beam used is 
cantilevered and tip loaded with a uniform cross 
section. 

This model analyzes the delaminated beam as four 
separate beam elements joined together at the crack 
tips with the appropriate boundary conditions. Figure 
17 shows the model configuration. Shear deformation 
effects are incorporated by treating each beam element 
as a Timoshenko beam, and the total strain energy is 
ebtained using Clapeyron’s theorem. The criticality of 


the delamination is determined by using a classical 
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fracture mechanics approach (Griffith’s criteria) which 
states that the loss in the total strain energy due to 
an incremental change in the crack length is equal to 
the surface fracture energy that is necessary to create 
the corresponding surface area [41]. 

This development, summarized in Appendix F-1, 
shows that the critical value of the tip load is a 
function of location and length of delamination, 
material properties, geometry, and surface fracture 
energy for the given matrix-fiber combination. 

The solution, though complicated, is general 
enough to be used for a beam made of any material in a 
wide variety of dimensions. The configuration of the 
beam elements precludes adapting this model directly to 
a sandwich beam. Figure 18 shows a proposed 
configuration for possible future studies of sandwich 
beams. 

In the absence of a direct solution for the 
sandwich construction, a solid beam analogy was 
developed. The solid beam is dimensioned to have the 
same flexural stiffness as the sandwich in the area 
below the waterline of the MWSX. The dimensions are 
derived in Appendix F-2. Using this equivalency, the 
following cases were evaluated: 

A. 8 ft. element far from the ship neutral axis 
representing a characteristic 8 ft. x 8 ft. 
unsupported span 

B. ?0 ft. element representing the thick Keel 


Figure 19% depicts these cases. 
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The 8 ft. element was evaluated under a local 
loading condition (for example, a uniform pressure 
simulating wave slamming or shock). For this loading, 
the panel would be in flexure with the maximum moment 
at mid span. A delamination in the skKin-core interface 
at mid span is located near the fixed end at 
mid-thickness Cworst case) of the 4 ft. model] beam. The 
model for local loading is shown in Figure 20. 

The 90 ft. element was evaluated based on a once 
in 20 years estimated maximum bending moment loading. 
This global loading places the entire element in 
uniform compression Cor tension). It 1s assumed that 
the Keel is sufficiently thick so that shear stresses 
(similar to those of a beam in pure flexure with a 
maximum face stress equal to the uniform stress of the 
actual Keel, 2970 psi) would develop under this 
flexural. A delamination in the lower skKin-core 
interface at mid span in the actual 90 ft. Keel element 
was modelled as a delamination proportionately the same 
distance away from the neutral axis, located near the 
fixed end in a 45 ft. beam. See Figure 21. 

The results shown in Figure 22 indicate that the 
global loading case is rather insensitive to the 
presence of a delamination, requiring a length of 5% 
inches for failure. However, the local bending case 
revealed that the panel will fail by catastrophic 


delamination propagation before flexural failure for 
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any delamination greater than 90.65 inches. As the 
delamination size increases, the laminate will fail at 
a decreasing percent of the flexural failure stress. 
See Appendix F-7 for supporting calculations. 

The limitations of this model include: 

C1) It is assumed that the delamination will propagate 
collinearly “(Mode II) along the interface between 
plies. This is shown to be the case for the GR/EP 
beams of the dimensions discussed, but has not 
been demonstrated for WR/CSM in polyester. 

(2) The core material and the core-skin interface are 
considered by using a solid beam analogy. It is 
assumed that the delamination was in the laminated 
face. Figure 18 shows a suggested method of 
arranging the beam elements so the analysis could 
be rederived to model a delamination in the 
core-skKin interface. 

The second model evaluated for potential use was by 
Whitcomb [42]. His analysis is adaptable to a sandwich 
configuration, but requires a finite element approach to 
obtain the unit load solutions for the desired laminate 
type. The development is based on normalized solution 
values and has the ability to account for both mechanical 
and thermal loads as well as Mode I, Mode II or mixed Mode 
CI and II) propagation. This model was not used because 
the effort required was not consistent with the scope of 


this thesis. 
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Instability Failure 

Another failure mechanism that may govern the 
allowable size of a delamination is face wrinkling. Face 
wrinkling is an instability failure which occurs in 
compression, and is therefore of interest in both global 
and local loading cases. Figure 23 shows a diagram of 
instability failure. 

The first model is an analysis of a piece of the GRP 
skin that is distant from the neutral axis Cworst case). 
It shows that a delamination of approximately 14 inches is 
allowable before the face will buckle away from the core. 
This analysis is based on the maximum stress developed 
from a once in 20 years maximum bending moment load and 
follows Euler buckling theory. It assumes that the 
delamination is rectangular (€through the width) and the 
core acts only as simple supports to the face at the edge 
of the delamination. The details of this analysis are 
provided in Appendix F-3. 

Chatterjee et. al. [43] performed a more 
sophisticated analysis of the same phenomenon. The 
sandwich skin was modelled as an assemblage of four beam 
elements (shown in Figure 24). The differential equations 
governing the deformations of the beam Cincluding shear 
deformations) were solved and the stiffness matrices 
derived. The analytical prediction turns out to be very 
similar to the Euler stress vs. column slenderness ratio 


curves (43]. The experimental results (which were obtained 
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using sandwich specimens) are in good agreement with the 
analytical prediction. This prediction is slightly 
non-conservative for large delaminations. See Figure 25. 
Comparing these results with the simple Euler analysis 
indicates that the Euler prediction is somewhat 
conservative. It predicts a buckling stress which is lower 
than both the predicted and observed buckling stress in 
work done by Chatterjee. The Euler prediction for the 
identical specimen and delamination geometry used by 
Chatterjee is plotted on Figure 25. The supporting 
calculations are shown in Appendix F-4. 

Shivakumar and Whitcomb [44] also analyzed a similar 
problem. Their prediction for a circular delamination in a 
2-D quasi-isotropic laminate as Cillustrated in Figure 26) 
indicates that the the actual critical buckling stress may 
be up to four times higher than that predicted by the 
simple 1-D Euler approach. The Euler prediction for the 
identical specimen and delamination geometry used by 
Shivakumar and Whitcomb is calculated in F-5. 

The fact that the Euler approach is conservative is 
offset somewhat by the actual ship panels possessing a 
small amount of curvature which acts as eccentricity and 
reduces the critical buckling stress [27]. Therefore, the 
Euler approach was used to compare the effect of 
delaminations to other key defects. Figure 27 depicts 
delamination length versus per cent compressive failure 


stress in flexure for instability failure using the Euler 
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approach. It is interesting to note that a delamination 
smaller than 3.45 inches does not reduce the failure 
stress. See Appendix F-é for supporting calculations. 
Summary 

The results of this Section are summarized in Table 
8. For the global loading case, the instability failure 
will occur first. For the local loading case, shear 
propagation of a delamination is the estimated failure 
mode. 

Delamination has been shown to be a an important 
defect that deserves added attention during design and 


construction for proper quality assurance. 


4.1.3 STRESS CONCENTRATION MODEL EVALUATIONS 

Based on the MWSX design, (subject to a once in 20 
years bending moment load) the effects of holes Cwith and 
without cracks) in 8 ft. x 8ft. panels ITocated far from 
the ship neutral axis were examined. The characteristic 
unsupported span dimension on the MWSX. This loading 
produces a maximum stress of 2970 psi as illustrated in 
Figure 28. 

The effect of anisotropy on the stress concentration 
for a hole in an infinite plate (constructed of WR/CSNM in 
polyester resin which ts the typical naval GRP ship hull 
material) was calculated (45] to be 3.9. This is 1.3 times 
larger than the isotropic value of 3.0. See Appendix G-!1 


for calculations. Thus, it can be stated that the presence 
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of a hole can cause this material to fail at a stress that 
is approximately 25% of the face failure stress in 
flexure. 

Ships typically have many penetrations throughout the 
structure for access, piping and wiring runs, etc. These 
openings are cut out of the finished laminate and can 
range in size from al inch hole in the shell for an 
overboard discharge toa 3 ft. X 10 ft. or larger opening 
in the main deck for equipment removal. Many of the 
smaller holes are not reinforced (14). 

Using Neuber’s nomograph [446], stress concentrations 
for holes in an & ft. x 8 ft. panel were determined. 
Figure 29 shows the geometry evaluated. The results are 
shown in Table %. Assuming the material is isotropic, the 
limiting hole Ccompression failure) was approximately 6 
ft. in diameter. An estimate for the limiting diameter in 
the orthotropic case was calculated using the correction 
factor CK, or tho / K,'s0 = 1.3 )> to be 62 inches. The 
loading in both these cases was a once in 20 years maximum 
bending moment and associated 2770 psi maximum stress. 

It is reasonable to assume that the penetrations 
through the hull will not be totally crack free. To assess 
this effect, a fracture mechanics analysis was performed 
on a hole with cracks as shown in Figure 30. Various 
combinations of hole diameters and crack lengths produce 
failure in 8 ft. x 8 ft. plates far from the ship neutral 


axis. In this case, failure is defined to occur when the 
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predicted stress intensity factor (KL? is greater than or 
equal to the candidate opening mode critical stress 
intensity factor (Ky? = A value of 14 omnes: is used 
for Ka (47) and Ky is obtained from Reference 48. The 
calculations are shown in Appendix G-2. The correction 
factor of 1.3 is used to estimate the orthotropic 
condition. The results shown in Table 10 indicate a strong 
and increasing sensitivity to small cracks as the hole 
diameter increases. Figure 31 shows crack length versus 
per cent compressive failure stress in flexure for a crack 
only. The calculations are contained in Appendix G-3. 

The results af this Section show that a hole with 
cracks is an extremely important defect. Even at loads 
less than a once in 20 years worst case, the effect of 
this defect cannot be overlooked. For example, at half the 
worst case load, which could occur routinely, a 12 inch 
diameter hole with two 6 inch cracks would cause failure 
if the hole was in the main deck or low in the shell. The 
effects of fatigue could also propagate the cracks at K 
values as low as 20 to 30 percent of Kg [471. 

9.1.4 DISCONTINUITY MODEL EVALUATION 

This section evaluates the effect of ply gaps and ply 
overlaps on laminate properties. 

When laying up WR/CSM on a ship hull,the decision on 
how to place successive plies must be made. Figure 32 


illustrates the following options: 


1. Butted edges, not staggered 
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2. Butted edges, staqgered 

3. Overlapped edges, not staqgered 

4. overlapped edges, staggered 
Recent practice for military ships is to use Qption #2 
CS0). 

Associated with ply placement are the special! 
constraints imposed by the exotherm during resin cure. The 
total number of plies that can be laid wet on wet is 
limited. This limit could be reached in a single shift 
using current production methods. As a result, the next 
production session would tay wet plies on partially or 
fully cured plies. 

Owens Corning Fiberglass [51] has compared laminates 
constructed with staggered, butted edges versus continuous 
ply laminates. The discontinuous laminates were laid up 
half at a time with a single day delay. See Figure 33. 
This method of layup simulates realistic production 
procedures. The results of mechanical testing of these 
laminates are shown in Table 11. The trend exhibits a 
small decrease in properties in the 0 degree direction and 
a slight increase in the 90 degree properties. Therefore, 
a properly staqgered, butted edge layup does not 
significantly degrade the laminate performance. 

The effect of not staggering the location of ply 
edges can be approximated by assuming that the 
discontinuous plies do not contribute to the strength of 


the laminate. Thus, a 6 ply system with discontinuities in 
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the 4 interior plies will theoretically have 33% (2 
effective plies of 6) of the continuous strength. Fukada 
and Kuwata [52] observed a decrease to 37.5% of continuous 
strength in experiments conducted on a glass cloth 
reinforced polyester laminate. This demonstrates that the 
decision to stagger ply edges is correct. 

The decision to overlap or butt ply edges is not as 
clear. The Owens Corning Fiberglass data is based on ply 
edge butts constructed in laboratory conditions. In a 
laboratory environment, nearly perfect butts between ply 
edges can be achieved. In contrast, actual production 
specifications allow ply edge gaps of some small dimension 
C23,249)]. 

It is reasonable to assume that the reduction in 
strength is caused by two separate effects: (1) stress 
concentration due solely to the presence of the 
discontinuity, and ¢€2) stress concentration due to an 
overlap or gap in the ply edges. There is evidence that 
shows in the case of overlapping ply edges, the longer the 
overlap the better. Freed [53] determined that a 
sufficiently long overlap effectively eliminates the 
stress concentration due to the overlap, as long as they 
are staggered. The improvement in strength diminished 
beyond a 1/2 inch overlap. 

Similarly, gaps between plies can be expected to 
reduce the laminate strength. As the ply edge gap 


approaches a perfect butt, the stress concentration due to 
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the gap is effectively eliminated. 

It is anticipated that both ply overlaps and ply gaps 
will: ¢1) cause small amounts of local eccentricity (which 
could be important in buckling), (2) not cause any 
laminate thickness deviation (since staggered overlaps or 
gaps will be averaged out over the thicknesses of 
interest), and (3) create small resin rich areas (which 
can be important to laminate failure via matrix crack 
initiation). 

Neither option, overlapping or butting ply edges, 
stands out as a clear cut choice based on these aspects of 
performance. But, as long as the gaps or overlaps are 
staggered through the thickness, a small effect is 
estimated. 

26 SUMMARY GFE MODELS 

Sections 4.1.1 through 4.1.4 reviewed several defect 
types in order to determine their relative importance. The 
defects studied included voids, delaminations, holes with 
and without cracks, and ply discontinuities. In order to 
place these defects in the proper perspective the 
following summary is provided. 

Table 12 summarizes the results of the models 
evaluated. Ply gaps and ply overlaps are not included 
because their effect is small compared to the other 
defects. 

The two loading cases that were used to evaluate the 


effect of Key defects are: 
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1. Global bending of the entire hull girder, based on 
a once in 20 years estimate of the worst bending 
moment. 


2. Local bending, due to a distributed pressure load, 
simulating wave slamming or shock. 


The results clearly show that voids at reasonable 
contents of 35-10% are not the same order of magni tude 
problem as compared to the other defects. 

Section 4.1.2 stated that delaminations were 
important defects, but do they occur in marine 
applications ? As an example to show that they can 
occur, Japanese fishing boats have experienced 
extremely large delaminations from wave slamming [54]. 
Extensive delamination occurred in outer shells from 
bilge to topside while the vessel operated in rough 
winter seas. The delaminations were 2 to 6 plies deep 
and up to seven square meters in area. There were no 
catastrophic failures in this case, but these vessels 
were double hulled. Even though they were taken out of 
service for major repairs, this experience is a goad 
example of the damage tolerance of GRP hulls. 

section 4.1.3 demonstrated that the effects of 
hull penetrations are strongly sensitive to the 
presence of small cracks. Modelling these penetrations 
as circular holes is not considered conservative. 
Related research [55] showed that circular cutouts are 
actually worse than square or rectangular shaped 


cutouts with rounded radii. This is a classic example 
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of how GRP is so very different from steel. In steel, 
circular cutouts are better Clower stress concentration 
factor), but in GRP the failure mode must be 
considered. Circular cutouts only develop two damage 
areas. The other shapes develop four damage areas Cone 
at each corner) which relaxes local stresses and 
absorbs more energy. 

The results for each defect considered are based 
on a static analysis only. The effect of fatigue in 
propagating the defect was not considered. It has been 
demonstrated that fatigue could propagate cracks at KT 
values as low as 20-30 % of Ky C47). 

A static uniform pressure was used to model the 
more complicated shock and wave slamming loads. It is 
reported [14] that shear yield of the PVC core is the 
dominant failure mode in shock. Shock was not analyzed 
in this study, but our results indicate that the 
presence of defects may alter the failure mode. 

Bow slamming 1s a more frequent loading as 
compared to shock from under water explosion. It is 
standard design practice to use a uniform pressure to 
model slamming loads [14]. A typical design value for 
this load is 28 psi (€14]. This number includes the 
total factor of safety as contained in Figure 9. 
Slamming pressures elsewhere on the hull can be 
expected to be lower Capproximately 7 psi). The complex 


geometry of the bow area was not analyzed in this 
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study. Our results indicate that delaminations and 


cracks in hull penetrations may propagate even at the 


lower slamming pressures experienced in the Keel and 


areas of the shell] other than the bow. 


Question 6: How can defects prevented ? 


The controls enforced to Jimit the types of defects 
evaluated in answering Question 3S include: (1) adequate 
supervision during the hull production process, (2) 
training and certification of all production related 
personnel, and (3) increased use of in-process inspection 
to detect the defect and make corrections prior to 
material cure. Another option to consider is to limit the 
production of defects By improving the production method 
employed. The production method is assumed fixed in this 
thesis, but changes that could be exercised include: (1) 
incorporation of automation in the form of mechanical 
impregnators and robotics to reduce the human interface, 
C2) use of an autoclave to cure structural components that 
require improved strength, and (3) use of prefabrication 
to produce flatwork and other common shapes including 
frames. Each of these options, especially prefabrication, 
provide the potential for increased production rates while 
improving product quality [36]. 


An example of an innovative producticn related idea 
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to aid in the prevention of defects is illustrated in 
Figure 34. This instrumented roller could provide the hull 
material consolidation process additional consistency. The 
idea for this roller was developed by the authors. The 
instrumented tool could be used to consolidate plies 
during layup while providing the worker in-process 
feedback as to the roller forces applied. This could allow 
for immediate application pressure changes, if necessary, 


and improve the repeatibility of the layup. 


Question 7: How can defects be detected 7? 


In order to detect defects several conditions must be 
met. Assuming that a defect candidate exists, the defect 
must first be detected with some form of NDI. Once 
detected, the results of the NDI must be compared to 
existing standards to evaluate the effect of the defect. 
If the defect exceeds that allowed by the standards, then 
the question of what to do about the defect must be 
resolved. The standards which are required must be 
consistent with the material design parameters as 
described in paragraph 4.1.3. This suggests that the 
standards be platform dependent so as not to enforce 
either unnecessary or overly restrictive standards on the 
platform. Additionally, specification standards 
established during the thin GRP boat hull era should not 


be blindly enforced. In effect, the standards enforced 
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should be consistent with the particular project 


philosophy and must meet the required material design 
parameters. The answers to the following three 
sub-questions provide a review of current U.S.Navy 
standards, recommend destructive and nondestructive test 


methods, respectively. 


Question 7.1: What are the specification standards that 


must be met for the given platform ? 


The intent of this section is to examine several 
important standards currently used by the U.S.Navy. 
Based on the previously developed estimates of the 
effect of defects, (as contained in Sections 4.1.1 
through 4.1.5) the corresponding standards will be 
placed in perspective. 

The following standards are based largely on the 


Inspection Manual For Fibrous Glass Reinforced Plastic 


Laminates [23]. 
Voids 


A. The void content will be less than 4%. 
B. There will not be any areas of unreinforced resin 
Qreater than 1/16 inch in thickness. 

C. No voids are allowed to extend through more than one 

ply. 

D. There shall not be any voids more than 1/72 inch in 

their greatest dimension. 

E. Only 1 void, 1/8 to 1/2 inch in its greatest 
dimension, is allowed in any 6 in. x 6 in. area 
(regardless of what the thickness is). 

F. Up to 3 voids per ply Cthat are 1/8 to 1/2 inch in 
their greatest dimension) are allowed in any 12 in. x 
12 in. area, not to exceed 20 voids. For example, a 6 
ply system is allowed to have 18 1/2 inch voids (6 x 
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Sa le) ifeany cms x 12 in. area, but a 7? ply 
system is limited to 20 1/2 inch voids (7 x 3 = 21 
but limit is 20). 


Delaminations 
&. There shall be no areas of delamination. 


Ply Gaps 


A. Seams of adjacent piles of reinforcement shall not 
overlap more than 1/2 inch or gap more than 1/8 inch. 
B. Seams shall be staggered not less than 6 inches. 


Holes 

A. Penetrations will be circular if possible. 

B. When circular is not practical, rounded radii greater 
than 1/8 th of the dimension normal to the direction 
of principal stress will be used. 

Based on the amount of quidance given, voids appear 
to be very important. But, since absolutely no 
Gelaminations are allowed, perhaps delaminations are 
more critical than voids. The technical evaluation of 
the effect of defects in Paragraph 4.1.1 through 4.1.5 
provides a basis for comparison. For example, a 6% void 
content was shown to be equivalent to a: 

7.0 inch delamination based on instability failure. 


See Figure 2/7. 


1.5 inch delamination based on shear propagation 
under local bending. See Figure 22. 


0.5 tnch crack based on fracture mechanics. See 
Figure 31. 


6.0 inch diameter hole with two small cracks less 
than 1/8 inch long based on fracture mechanics. See 
Table 10. 

This equivalency is the basis for the following 


critical evaluation of the standards: 
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A. The presence of cracks in the edges of penetrations 
was not mentioned in the inspection manual. This is a 
crucial oversight. A 6 inch diameter hole with two 
small cracks is estimated to be equivalent in effect 
to a level of void content that is unacceptable 
(greater than 49%), it is clear that guidance 
concerning the presence of cracks in hole edges 
should be included. 

B. The 1/2 inch limit on void size seems overly 
conservative. What these standards call a 1/2 inch 
void is similar to what is called a delamination in 
this thesis. The delamination is through the width 
and is therefore more severe than a void of the same 
dimension. Yet, a 1/2 inch delamination is estimated 
to have a negligible effect. See Figure 22. Based on 
this estimate, a larger void size could possibly be 
allowed. The effect of a single 3/4 inch void (for 
example) is less than the effect of other allowable 
defects. 

C. Since the effect of more than a single void was not 
estimated, the standards for multiple voids will not 
be quantitatively addressed. They do not appear to be 
overly conservative. 

D. The standard for ply seam gap or overlap is not in 
total agreement with the previous estimate of the 
effect of these defects. It does call for gaps or 


overlaps to be staggered through the thickness which 
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agrees with this estimate. Also, the specified limit 
on the ply gap is correctly stated. The estimate of 
the effect of gaps does indicate that the gap be as 
small as possible. However, the standard specifies 
the limits on the size of the overlap exactly 
opposite the way it should. For example, based on the 
estimated effect, the overlap should be at least 1/2 
inch, not up to a 1/2 inch. 

It is appropriate to comment on the history of 
some of these standards. The inspection manual [23] went 
into effect in 1964. The references listed in the 
bibliography of this manual date from 1935 to 1961, and 
the average date is 1955. These standards were 
established when the only important GRP structures the 
U.S.Navy was building were small boats (typically 26 
feet long). This application, though important, is 
orders of magnitude less demanding than the hull of an 
advanced naval platform. Additionally, less was Known 
about GRP in 1964 than is Known today. The result is 
that these standards are based mainly on workmanship 
considerations, as opposed to a technical evaluation of 
the effect of the defect. This is reported to be the 
case for delaminations [57]. Production experience 
showed that good workmanship results in a laminate with 
no delaminations, therefore no delaminations were 
allowed. There is nothing inappropriate with basing a 


standard on what is Known to be the attainable level of 
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quality. A possible inconsistency arises when these 
defects are not placed in the proper perspective by 
comparing their relative importance to other defects. An 
advanced performance naval vehicle will demand more from 
standards than guidance based on workmanship experience. 
In summary, the technical evaluation performed in 
Sections 4.1.1 through 4.1.5 showed that an equivalency 
between defects exists. This equivalency can aid in 
placing the defects Cand the effort to control them) in 
perspective. For the specific ship evaluated, this 
equivalency served as justification to add the currently 


overlooked hole (with cracks) defect to the standards. 


Question 7.2: What destructive tests should be used ? 


The various destructive tests available have been 
detailed in Section 3.3. This Section will describe the 
purpose of destructive testing, and then present the 
methods chosen to accomplish this purpose. 

The type and degree of destructive testing required 
is a difficult judgement. The purpose of destructive 
testing is to accomplish the following: (1) confirm 
nondestructive test results, €2) gain additional data on 
the statistics of defect distribution in order to better 
address the required inspection level and its 
periodicity, ¢€3) measure material qualities which can 


not be obtained any other way, and (4) confirm material 
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performance in actual loading conditions. The methods 


available to accomplish this purpose are not standard 


and vary depending on the application. 


C1) 


C2) 


The methods that have been chosen are: 
Hull cutouts can be tested. A ship has designed into 
it many openings for access, piping and cabling runs, 
sea water suctions and discharges, etc. Testing the 
cutout material can verify: Ca) resin to glass 
ratios, (b) proper materials and layup scheme used, 
(c) adhesion properties of the various interfaces, 
(d) water absorption properties, (ed void content or 
porosity, and (ff) other physical properties. Note, 
based on the thickness of the hull, these cutouts may 
not be large enough to meet the dimensional 
requirements for ASTM test specimens. For example, 
the MUSX hull laminate would require a specimen 
length of 37.6 inches for the ASTM flexural strength 
test. This is based on a hull laminate thickness of 
3.6 inches. 
During the actual layup of the hull, produce and test 
additional laminate test tabs. These tabs provide 
test samples that reflect the as built condition of 
the hull. Figure 35 depicts a candidate location for 
the test tabs. The Italians perform this test as they 
manufacture the Lerici Class minesweeper made of 
mono-skin GRP (€58]. The difference between tabs and 


cutouts is that tabs are distributed along the entire 
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¢3) 


length of the hull, whereas the cutouts are at 
specific locations. 

During the design phase, design and build test 
sections of various scaled dimensions. Once built, 
these sections can be Be oc see to various critical 
loadings including underwater shock and longitudinal 
bending. This type of testing is extremely expensive 
and time consuming, but necessary [14]. To possibly 
accelerate the gathering and eventual assessment of 
the data, it would be useful to request actual test 
data from the U.K., Italy, Sweden and other countries 
presently involved in GRP ship construction programs. 
A standard data collection form could be easily 
formatted and sent to the participating countries. 
Sharing this data would be an initial, important step 
toward some worthwhile consolidation of effort in 


this area. 


Question 7.3: What nondestructive test methods should 


be used ? 


the 


This section will do the following: (1) describe 


importance of selecting the proper nondestructive 


test, (2) present a criterion for that selection, and 


(3) select the test methods to be implemented. 


Available nondestructive test (NDT) methods were 


presented in Section 3.3 and briefly described in Table 
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7. The selection of the NDT method for a specific 
application is vital to the eventual success or failure 
of the program. If the platform is over inspected, it 
could quickly become cost prohibitive. If under 
inspected, platform failure could result if critical 
defects are allowed to pass without correction. The NDOT 
selected must fall between these two extremes. This 
selection must be based on a technical evaluation of the 
effect of defects as well as a thorough Knowledge of the 
capabilities and limitations of the various NDT 
techniques. The test methods chosen must be currently 
available and field proven [22]. 

Several documented approaches have been used in 
other studies to provide a criteria for selecting the 
best NDT method. One approach [22] presented the 
following checklist to determine the suitability of 


various methods: 


- Is it reliable ? What is the probability of an 
incorrect acceptance decision ? 


- What is its sensitivity ? Will the method satisfy 
quality requirements ? 


- What equipment is needed, and what is its cost ? 


- What degree of operator skill is required to run 
tests and interpret data ? 


- Is it applicable to primary structures ? 

- Is the equipment commercially available or must it be 
developed ? Is extensive development necessary to 
adapt it ta the production line ? 


- Is it useful for other applications ? 
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~ What are the safety aspects involved in its 
application ? 


- Can inspection Keep pace with production ? 


Based on these criteria and the literature reviewed 
(5,22,23,9%,60)], the nondestructive test methods chosen 
as favorable for use in this application are acoustic 
emission, visual inspection, ultrasonics, and proof 
testing. The following paragraphs describe: (1) basic 
principles of operation, €2) examples of proven 
performance, and €3) advantages of, acoustic emission 
CAE). The remaining NDT methods chosen (visual 
inspection, ultrasonics, and proof testing) will only be 
briefly detailed here in order mercdice the scope of 
this topic. These are already established, 
service-proven NDT methods for GRP ships. Acoustic 
emission has been emphasized due to its promise for 
widespread future shipboard use, even though it is 
unproven in applications of this magnitude. 

Acoustic Emission 

Acoustic emission (AE) can be defined as acoustic 
waves generated by a material. The difference between AE 
and the field Known as ultrasonics is that in AE, there 
is no direct control over the mechanism that produces 
the acoustic wave. In ultrasonics, the acoustic wave is 
externally generated and introduced into the material. 
In AE, the material is subjected to conditions which 
cause the emission of the acoustic waves. 
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Many different types of mechanisms can generate 
acoustic emission. They include, but are not limited to, 
fracture and crack growth for fiber reinforced plastics 
[61]. These mechanisms can be characterized by the rapid 
relaxation of regions of material [61]. 

All real materials are imhomogeneous on a 
microscopic scale. For a metal bar that has locally 
anisotropic crystalline regions, as a tensile force is 
applied, the stress will reach a level where some of the 
randomly oriented crystals Cand not others) will 
fracture. This will produce a sudden change in the local 
stress field and generate an acoustic emission which 
will propagate away from the fractured crystallite into 
the bar. Thus, the characteristics of an acoustic 
emission Camplitude, directionality, time of occurrence) 
depend on the local environment that produced it [461i]. 
The local environment in this case is made up of the 
size and orientation of the fractured crystal and the 
size and orientation of neighboring crystals. 

The case of fiber reinforced plastic composites is 
very similar. Qn a local level the material is highly 
anisotropic, and the weak areas (like the favorably 
oriented crystals in steel) are distributed throughout 
the material. For fiber reinforced plastics, these weak 
areas can be fibers (that are perhaps notched or simply 
on the low side of the average fiber strength) and resin 


rich areas (which may be susceptible to matrix cracking) 
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or, more importantly to this paper, the presence of 
defects in the laminate (voids, delaminations, and 
holes). 

An acoustic emission sensor is a device that 
generates an electrical signal when it is stimulated by 
an acoustic wave. Most materials exhibit acoustic 
emission over a wide range of frequencies and different 
acoustic modes so that the choice of a sensor is usually 
not critical (461]. 

The majority of acoustic emission sensors are 
piezoelectric [C61]. The acoustic emission electrical 
signal is as complex and has the same random character 
as the AE which led to that signal. Thus, the siqnal 
will have many characteristics which can be evaluated. 
Perhaps the simplest and most useful method of signal 
analysis is the AE count [61]. An AE count is simply the 
number of times the acoustic emission waveform crosses 
the threshold of detection during a burst of acoustic 
energy, as shown in Figure 36. 

AE has been demonstrated to be an important, 
reliable non-destructive tool in several established 
applications. 

Fowler €62] presents compelling evidence that the 
use of in-service AE monitoring has resulted in a 
drastic reduction of catastrophic failures of fiber 
reinforced plastic tanks used in the chemical processing 


industry. Cole [63] describes the use of AE to assess 
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the structural integrity of cherry picker booms used by 
power companies when working on elevated electrical 
equipment. The booms are fitted out with AE sensors and 
loaded to three times the rated working load. If there 
are no indications of serious damage, the booms are 
considered fit for further use. The interval for this 
test is annually, or sooner if there are any indications 
of problems or misuse. The result has been “enormous 
savings as well as increased safety" and the testing is 
"cheap and quick® [63]. 


Advantages of using AE include [62]: 


Ca) It has developed into a reliable quality control 
tool in the chemical process industry for both 
metals and FRP. 


(b>) It allows material to be tested in-service, and in 
many cases, On-line. AS a result, more frequent or 
even continuous monitoring 1s practical. 


Cc) It provides information about the entire item, not 
Just a small local area. Therefore it is very 
complimentary to other non-destructive techniques 
which provide localized resolution. 


(d>) The sensitivity is sufficient to act as an early 
warning of defect growth before it becomes 
serious. 


Ce) Compared to other NDT methods, AE has 
predetermined,objective evaluation criteria and is 
not open to the subjectivity of the operator’s 
interpretation. 


(Cf) The growth of AE testing has been extraordinary in 
the last 3S years and it is anticipated that the 
use of permanent on-line monitors will show 
similar growth, evolving into a relatively low 
cost standard component in chemical plant control 
rooms. 


Cg) Background noise can be virtually eliminated. GRP 
is better than steel in this area because metals 
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are such good transmitters of stress waves. 
Certain types of interference (like EMI and RFI) 
can not be entirely eliminated, but can be 
filtered to an acceptable level in most cases. 

(h) Recent advances in micro-processor technology make 
complex analysis techniques fast and simple to 
use. 


(i> Instruments designed for use by inspectors (not 
lab engineers) already exist for FRP. 


(j> A secondary benefit of AE technology may be a 
better understanding of failure mechanisms, and 
other uses as a design tool, not just a quality 
control tool. Because AE is a sensitive method of 
detecting the onset of laminate microcracking, it 
may be well suited for defining a design strain 
allowable. 

Other NDT Methods 

The other NDT methods recommended for use were visual 

\ 

inspection, ultrasonic inspection, and proof testing. The 
method description, mechanism of operation, and the 
advantages and disadvantages of use associated with each 
of these methods will not discussed here. Additional 
information can be obtained from References 28-32,62,and 
649. The major methods attained from the review of these 
references include: (¢€1> the use of an automated sonic coin 
tap for global identification of defects, (2) the use of 
low frequency ultrasonic inspection for local definition 
of defects, and (3) the use of a ship hull bending proof 
test to certify the hull structure. 

There are two additional testing techniques that were 
not chosen for use that deserve to be addressed based on 
their promise for shipboard use. 


The first is the use of optical fibers for continuous 
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in-service monitoring [68,69]. One method evaluated uses 
optical quality fibers that have a strain to fail similar 
to or slightly less than woven roving reinforcement. These 
fibers are envisioned to be an inteqral part of the GRP 
skin, and would be layed up at the same time as the rest 
of the hull laminate. It is possible that the material 
could be purchased this way (combination WR/CSM with 
continuous optical quality fibers in one direction, spaced 
approximately 6 inch apart). By laying up one continuous 
width of this material from deck edge to deck edge, and 
adding a series of optical fibers similarly spaced in the 
longitudinal direction, see Figure 3/7) the finished 
laminate would provide a 3-D qrid of optical fibers. This 
grid must be attached to a light source and processing 
system. Once in place, the most basic information 
available using this grid would be a simple gqo-no-go 
siqnal. That is, if the optical fiber breaks, the 
interruption in the transmission of light is sensed and 
recorded. If multiple fibers break, an accurate fix on the 
location of the damage may be possible. The reasons this 
system was not chosen are: (1) there are no examples of 
successful field applications that perform continuous 
in-service monitoring ‘(to the Knowledge of the authors), 
and €2) the extensive research and development effort 
required to place such a detection system in service is 
not consistent with the NOT selection criteria described 


above. It is the opinion of the authors that such an 
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effort could prove beneficial in providing an affordable, 
global means of damage assessment. 

The second promising testing technique is the use of 
strain gages imbedded in the core and laminate of the hull 
material. This test method is field proven and is 
currently used on the Swedish Landsort class minehunter. 
As with the optical fiber system, the strain gages are 
distributed in the area of interest and supported by a 
central signal processor. The Knowledge of the actual 
strain in the core is extremely useful as it can provide 
direct information about the condition of the Jaminate. 
The reason this method was not selected was that the 
current procedures for installing these strain gages may 
create limiting defects. They are installed by cutting a 
Plug out of the laminate, and replacing it with a strain 
gage in a plug of epoxy. As discussed in paragraph 4.1.3, 
the presence of a hole, especially if cracks are 
introduced at the edge, is a potentially critical defect. 

Ideally, we would J]ike to combine the best features 
of each method to form the local and global inspection 


plan. The answer to Question 8 performs this in detail. 


Question 8: How can the detection methods be integrated ? 


The integrated detection plan is listed and later 


described in more detail. 
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Pre-construction 


A. Use of material screening was not addressed, but would 
continue to be a crucial part of the overall quality 
control method. 


Dur ing-construction: 


A. Build in a test tab of extra material for destructive 
testing. 

B. Use a low resolution, high speed sonic technique 
equivalent to automated coin tapping. 

C. Visual 


Pre-services: (prototype hull only) 

A. Use a proof test on the prototype hull with acoustic 
emission monitoring and high resolution ultrasonic 
transmission and visual follow up. 

Post-construction: Cfor all ship hulls) 
A. Use of acoustic emission as a continuous, in-service, 


global monitoring technique. , 
B. Use of ultrasonic transmission as a local monitoring 


technique to follow up on indications of damage from the 
AE monitoring system, and to thoroughly examine critical 


locations of the hull. 
C. Visual 


The test tabs would come from non-critical areas just 


above the top of the shell (€see Figure 35). By running the 


standard series of ASTM tests, a worthwhile C€but by no 
means all-inclusive) verification of basic properties can 


be made before the hull is completed. This will allow any 


discrepancies to be evaluated and corrected Cif necessary) 


without having to reject a finished product. 

The automated sonic technique provides a more 
scientific approach to what is already done in practice: 
manual coin tapping. As the hull is being laid up, this 


high speed method could be employed for rapid Icocation of 
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both Type A and B defects. 

Proof testing of a ship hull is a challenging task. 
The idea of using a pre-service test to demonstrate 
quality and the ability of a hull to withstand a loading 
more severe than the anticipated in-service loading is not 
totally new to shipbuilding, however. The Japanese have 
performed actual bending tests on completed GRP hulls 
{70]. Based on a 1968 standard, this test is required to 
be performed on fishing vessels over 60 tons in 
displacement. As of 1973, over 30 ships had been tested. 
The test consists of supporting the hull at two points and 
applying a bending moment equal to the displacement times 
the length divided by 20. This represents an estimate of 
the maximum hogging or sagging moment at sea. Similar 
testing has been performed as early as 1719 and with 
U.S.Navy destroyers in 1931 (71). 

It is proposed that a bending proof test be performed 
on the prototype GRP hull of the advanced naval vehicle. 
This test could be instrumented with AE sensors and serve 
to produce the baseline AE signature for that hull. If 
affordable, the hull or components could be taken all the 
Way to failure, in order to correlate AE signals or counts 
with failure initiation. Elaborate testing machines are 
not required. It is envisioned that 4 cranes could provide 
the two point support system, and a series of distributed 
weights within the hull or on the main deck could provide 


the required bending moment. Figure 38 shows a diagram of 
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the proposed test arrangement. Finished GRP ship hulls are 
currently being raised, moved out, and placed into the 
water using cranes [14], so this technique is proven. If 
the AE system indicates any damage during the proof test, 
ultrasonic transmission devices could be used to further 
locate and define the damage. 

The use of AE for continuous monitoring is a bold 
proposal, but not without precedent. In fact, successful 
in-flight acoustic emission monitoring aboard a test 
aircraft [£72] indicates that AE monitoring is feasible in 
military applications and in high noise, high electronic 
interference environments. A major advantage of using AE 
is that the ship does not have to be drydockKed to gain 
information on the condition of the hull. In the event 
that AE indicates serious damage, the ship would be taken 
out of service or placed on restricted operations until 
the problem can be corrected. Repair of the hull below the 
waterline will require drydocking. When the ship is 
drydocked, ultrasonics can be used to further define the 


damage that was initially detected by AE. 


Question 9: How can defects be corrected ? 


Ideally, the best method to correct defects is to 
eliminate or reduce their production as described in 


answering Question 6. In practice, once a potential defect 


81 





has been produced, detected and evaluated as not 
allowable, it is necessary to provide procedures to 
correct that defect. Research has been performed in this 
area £5,13,194,33]. Various navies including the U.K., 
Sweden, Italy and the U.S. have developed both defect 
correction and post construction damage repair procedures. 
These procedures have been service proven based on their 
respective standards and specifications. 

Current U.S.Navy standards prescribe the following 
repair procedures for the correction of internal defects 
(delaminations, voids, ply gaps, etc.) [23,33]: 

1. Remove the part of the laminate that encloses the 
defect. 


z. Grind the edges of the cut out to at least a i2 to l 
scarf. 


3. Layup reinforcement to achieve original laminate 
thickness. 


4. If the cutout is less than 24 square inches in area, 
the use of just chopped strand mat with polyester 
resin is allowed. For cutouts greater than 24 square 
inches, a combination of WR and CSM with polyester 
resin is required. 

A 24 square inch cutout is equivalent to a 5.5 inch 
Giameter hole if load transfer to the patch is improper. 
As described in Paragraph 4.1.5.3 a hole itself is a 
defect. If, while cutting out the enclosing laminate, a 
crack is introduced, a more severely degraded condition 
may possibly exist. In effect, the effort to correct a 


defect may introduce amore severe defect. Additional 


research into the degradation caused by correction 
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procedures is required to support quality control of 


advanced performance, low factor of safety ships. 


Question 10: How can defects be evaluated 7 


The answer to this question is to compare the defect 
the with the standards. The standards that address the 
allowable limits of Key defects were discussed while 
answering Question 7.1. The adequacy of these standards 
was assessed based on the estimated effects of those Key 
defects. This Section demonstrates that another 
consideration, defect location, is an equally important 
part of an effective standard. To accomplish this, example 
evaluations of several typical defects are made. 

First, treatment by current standards of defect 
location is described. Then example evaluations are 
presented. 

The following quidance was extracted from the 
Inspection Manual For Fibrous Glass Reinforced Plastic 
Laminates [23]. 

Cad? No repairs will be allowed in highly stressed areas 
such as replenishment at sea hi-line connections or 
flange connections. 

€b) If the size and location of an opening impairs the 
strength of an important structural member, it shall 
be reinforced. Important structural members are 


defined as longitudinal strength components and main 


83 





transverse bulkheads. 

€c) Any portion of the ship Cexcept highly stressed 
areas) found to contain defects that are not 
allowable shall be removed and replaced. 

It is clear that the current standards only loosely 
tie in the location of the defect. If the defect is in an 
important or highly stressed area, some guidance is given. 
This is appropriate, but a more definite list of exactly 
what areas are important or highly stressed, and 
provisions for defects in areas of lower importance should 
be provided. 

Not allowing repairs in highly stressed areas is 
probably a good idea since the amount of degradation 


caused by the repair its not well Known. 


Example #1 


A single 0.75 inch void is detected visually in a 
non-structural bulkhead. The current standards call for 
this defect to be evaluated as unacceptable. Repair is 
mandatory. The proposed standard recognizes: 

1. that a single 0.75 inch void has been estimated to 
reduce the failure stress by less than 10K (see 
Figure 22) and, 

2. that the defect is located in a non-critical area. 

Therefore, the proposed evaluation would be that the 


defect is allowable. 
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Example #2 


A S% void content is measured in a panel of the 
superstructure. The current standard evaluates this defect 
as unacceptable, and repair is mandatory. The proposed 
standard would recognize that a S% void content reduces 
the failure stress by about 30% (See Figure 16). Since the 
superstructure is a non-critical area, the proposed 
evaluation would be that the defect is a strong candidate 
for a waiver. The 30% reduction in failure stress, though 
not small, is a magnitude that a low factor of safety 


should be capable of absorbing. 


Example #3 


A 6 inch diameter penetration is cut in the shell of 
the ship below the waterline for a flushing discharge 
connection. While cutting the hole, 2 small 1/2 inch 
notches were made accidentally. The current standard has 
no provision for inspecting or evaluating this defect. In 
fact, it is likely that this size penetration would not be 
considered to impair the longitudinal strength of the 
structure, and would therefore not even be reinforced. The 
proposed standard recoqnizes that this defect is estimated 
to reduce the failure stress by approximately 80% (see 
Table 10) in a critical area. Therefore, the proposed 
evaluation is that this defect is not acceptable and needs 
to be repaired. 


These example evaluations demonstrate that the 
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current evaluation guidance is not adequate for an 
advanced naval platform because: (1) holes (with cracks) 
are not provided for, and ¢2) location has not been 


adequately considered. 


Question 11: How can the GA be proportioned between the 


various stages of construction ? 


This question has been partially answered in Question 
S$, but the pre-construction and in-process phases were 
only briefiy discussed. The following guidance is provided 
to aid in proportioning the overall quality effort. 

(1) Emphasis must be placed on material screening in the 
pre-construction phase. Constructing GRP ships requires 
raw materials to be combined on site. Ensuring that 
these raw materials meet the specifications and are 
handled and stored properly is a vital first step in 
assuring ship quality. 

(2) Due to the labor intensive nature and the on site 
material manufacturing qualities of GRP, it is 
desirable to place emphasis on in-process inspection. 

(3) Since the production process is responsible for the 
majority of defects produced, the in-process inspection 
of hull layup can provide immediate and simpler 
correction of defects. In-process visual inspection, 
though not sophisticated, can be effective and should 


be stressed. The use of highly trained and responsible 
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inspection technicians during the hull production and 
outfit stage can reduce the number of Type A and B 
defects while indirectly reducing production time by 
lowering rework and defect correction time. 

(4) Since the use of GRP in a tae factor of safety 
structural ship design is unproven, post-construction 
inspection of the hull is equally important as the 
other phases in assuring hull system reliability. 

(3S) The overall quality control effort is very broad and 


demands that complete records be Kept for: 


raw material - receipt, handling, and storage 
in process —- inspection and repair results 
post construction - inspection and repair results. 


A complete review and analysis of these data by qualified 
personnel is necessary to properly administer the level of 
Quality assurance required by high performance naval ships 
of GRP construction. 

The questions proposed Cin Section 3.3) to determine 
the platform-dependent-technical attributes of a GAP (for an 
advanced performance naval vehicle) have been answered. 
Chapter 3 summarizes the major conclusions and provides 
recommendations to advance the development of quality 


assurance for GRP ship hulls. 
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CHAPTER 5 


CONCLUSIONS AND RECOMMENDATIONS 


2.0 OVERVIEW 

The scope of this thesis was purposely large in order 
to help solve amore practical, real world problem. The 
philosophy applied was to use a problem solving approach. 
The broad scope precluded a higher order analysis. This 
problem solving approach allows more complete consideration 
of the major practical problem of quality control of GRP 
ship hulls in naval applications while still making 
meaningful contributions toward the detailed solution. 

The purpose of this chapter is to highlight the major 


thesis conclusions and recommendations. 


J. CONCLUSIONS 

The high factors of safety that dominate GRP structural 
designs indicate a lack of confidence in the material and 
fabrication methods. The limitations of currently available 
quality assurance techniques are largely responsible for 
this lack of confidence. For advanced composites used in the 
aerospace industry, the demand for lower factors of safety 
drive the development of improved QA techniques, which in 
turn allow lower factors of safety to be used in the design. 
This relationship between factor of safety and QA techniques 


is currently staqnant for GRP. 
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Even in the absence of future requirements for low 
design factors of safety, improved hull structure quality is 
important because it leads to improved hull system 
reliability. The improved reliability reduces the technical 
risk and could further promote the use of GRP in place of 
conventional shipbuilding materials. The U.S.Navy is 
presently building its first GRP ship. Since the use of GRP 
in large U.S.Naval ships it not yet demonstrated, hull 
system reliability will play an important role in shaping 
future demand for GRP in naval shipbuilding. 

The Key to hull system reliability 1s engineering the 
QAP to the specific application. Current QA guidance in the 
U.S. and in foreign countries appears to be based largely on 
production experience with small boats and pleasure craft. 
Additionally, this guidance is very general, and applies to 
almost any application of GRP construction. Although 
specifications unique to the application are required, the 
framework for that development is not adequate in the case 
of a low factor of safety structural design. 

To improve this framework, the following significant 
management attributes of a low factor of safety QA plan were 


identified: 


i. The quality assurance program (GAP) must be engineered 
to the ship construction program. 
Z2. The GAP must exhibit effective organization to control 


the labor intensive nature of GRP ship construction. 
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PO. 


The GAP must provide for training and certification of 
production personnel. 

The QAP must provide for timely testing during the 
production process to monitor critical steps. 

The QAP must provide continuous production process 
monitoring while maintaining quality records. 

Keep the GAP simple, easy to implement while 
maintaining the correct level of QA based on the 
products design requirements. 

GRP hull laminates are produced on site which requires 
an additional emphasis on material screening and 
in-process monitoring. 

The quality effort must cover the three phases of ship 
construction (Pre, During, and Post). The proportioning 
of effort must be consistent with the design and 
production philosophy. 

GRP is not a metal. The specifications and standards 
established for GRP must be tailored to the material 
used and the application. 

There is a continuing tradeoff between cost, schedule, 
and quality. As a minimum, the product must adhere to 
the specifications and meet the design and performance 


requirements. 


To help engineer the GA plan to any specific ship, 


the following series of questions were proposed: 
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1. What are the mission requirements ? 

2. What are the platform requirements ? 

3. What are the driving material design parameters ? 

4. Where are the critical stresses and loads applied to 
the hull ? 

5S. What are the important defects ? 

&. How can defects be prevented ? 

7. How can defects be detected ? 

8. How can the detection methods be integrated ? 

9. How can defects be corrected ? 

10. How can defects be evaluated ? 

11. How is the overall quality control effort proportioned 
between the three phases of ship'’construction (Pre, 


During, and Post) 7? 


These questions were answered for a recently designed, 
low factor of safety GRP hull minewarfare ship ¢Cthe MJSX). 
The effect, detection and evaluation of defects were 
emphasized. 

An evaluation of existing models Calmost all of which 
were developed for graphite reinforced composites) showed 
thats ¢€1) cracks at the edges of hull penetrations could be 
critical defects that had not previously been considered 
important, €2) voids at reasonable contents are not 
significant, and ¢€3) delaminations can be critical defects. 

Following the selection of destructive and 


nondestructive detection methods, the following integrated 
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detection plan was proposed: 


Pre-construction 
A. Use of material screening was not addressed, but would 


continue to be a crucial] part of the overall] quality 


control method. 


During-construction: 


A. Use built in test tabs of extra hull laminate material 
for destructive testing. 
B. Use a low resolution, high speed sonic technique 


equivalent to automated coin tapping. 


C. Visual 
Pre-service:s Cprototype hull] only) 
A. Use a proof test on the prototype hull] with acoustic 


emission monitoring and high resolution ultrasonic 


transmission and visual follow up. 


Post-construction: (for all ship hulls) 
A. Use of acoustic emission as a continuous, in-service, 
Qlobal monitoring technique. 
B. Use of ultrasonic transmission as a local monitoring 
technique to follow up on indications of damage from the 
AE monitoring system, and to thoroughly examine critical 
locations of the hull. 


C. Visual 


TZ 





The adequacy of current standards was examined by 
using example evaluations of typical defects. It was 
demonstrated that the procedural guidance provided for 
defect control, evaluation and correction was not 
proportional to the importance of the defect. For example, 
there is currently no guidance for the hole with cracks 
defect. Additionally, current repair procedures call! for 
the defective laminate to be cut out and replaced. This 
repair may introduce amore serious defect than it was 
meant to correct. These shortcomings of current standards 
must be adequately addressed before a lower factor of 
Safety desiqn can be realized. : 

The proposed methodology does provide a solid 
framework to engineer a quality plan to a ship. The 
results obtained from applying the methodology to the MWSXxX 
were revealing, even though a lack of applicable GRP 
research data limited our effort. Based on the outputs of 
several computer aided literature searches, there is 
little research being performed on the effect of defects 
in GRP structures. The majority of references used in this 


study were directed toward graphite reinforced composites. 


ra RECOMMENDATIONS 
In concluding this thesis, the following 


recommendations are summarized to provide direction for 
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continued research and improvement in the development of 
Guality assurance for GRP ship hulls. For the convenience 
of the reader, the recommendations are listed in bullet 


format for clarity and emphasis. 


- Future GRP ship construction programs should include 
requirements to perform a platform dependent approach 


similar to that proposed here in developing the QAP. 


—- The hole with cracks defect should be further 
investigated. Guidance concerning the inspection and 
correction of this defect should be developed and 


incorporated into the standards. ‘° 


- A study should be conducted to examine if the use of 
acoustic emission for continuous in-service monitoring of 


GRP ship hulls is feasible. 


- Bending proof tests on small GRP ships should be 
performed with AE instrumentation to establish baseline 
AE signatures. Additionally, much more is needed to be 
learned about the failure mechanisms of GRP in ship hull 


geometries. 


- A bending proof test with AE instrumentation should be 
performed on a full scale prototype hull to certify the 


structural design, and confirm smaller scale test 
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results. 


~ The delamination models used in this study should be 


analytically adapted to the sandwich structure case. 


Figure 


18 illustrates a suggested approach. 


- Tests should be conducted to validate the following 


models used in this thesis: 


1. 


4, 


Shear propagation of delaminations in GRP beams: 
Ca) use the same geometry as the graphite/epoxy 
beams of the original development, and (b) use the 
larger geometries associated with applying the 
model to a ship hull. : 

Instability failure of GRP sandwich beams due to a 
delamination in the skin-core interface. 

The effect of a gap between ply edaes of a GRP 
laminate. 


The effect of holes with cracks in GRP laminates. 


- Procedures to correct defects must be thoroughly studied. 


The risk of introducing a more severe defect than the one 


being corrected must be eliminated. 


- A survey of GRP production yards should be made to 


determine, if while cutting hull penetrations, cracks or 


motches are induced. 
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- A statistically based approach to current test techniques 
should be developed. If the introduction of defects into 
the laminate is indeed random, a statistically based test 


would predict a probability of reliability. 


- Pre-construction test programs and full scale testing of 
midships sections are an important part of the building 
of a new class of ships. Many countries involved with 
construction of GRP naval ships conduct these tests 
independently. AS a result, unnecessary repetition of 
these expensive test programs occur. The data that are 
made available are often only through a public relations 
medium. By a internationally coordinated review of what 
has been accomplished to date, valuable test information 
could be obtained, and additional project funds would 


become available for improvements in QA. 


- A prototype test platform is needed for conducting 
shipboard testing to gain in-service data. A low mix GRP 
hull coastal minesweeper/hunter would be an ideal 


candidate. 


- The first class of ships with a reduced factor of safety 
should have a continuous in-service monitoring system 
installed to provide real time information about damage 


development. 
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- In the opinion of the Authors, prefabrication production 
techniques offer enormous potential for improvements in 
GRP ship construction quality. A study to evaluate the 


potential application of these techniques should be 


performed. 
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TABLE 1 


ADVANTAGES AND DISALVAHTAGES OF GLH3S FPEINFORCED PLASTIC: C1) 


ADVANTAGES 


HIGH STRENGTH TO WEIGHT RATIO 


ABILITY TQ FABRICATE LARGE, 
POGiPeEX -oHAres IN ONe PIECE 


NON-MAGNETIC 

EASE OF MAINTENANCE & REPAIR 
RADAR & ACOUSTICALLY TRANSPARENT 
LOW THERMAL CONDUCTIVITY 
CORROSION RESISTANT 


fioniy GLOSSED SURFACE FINISH 
IS PRODUCT QF LAYUF 


LARGE VASTIATIGN OF MECHANICAL 
PROPERTIES AVAILABLE GVER 

WIDE SELECTION OF FIBER-MATRIX 
MATERIAL SYSTEMS 


weieriat LIFE CYCLe COSTS ARE 
COMPETITIVE WITH OTHER MATERIALS 


FABRICATION COSTS ARE DECFEACING 
AS IMPROVED PRODUCTION METHODS 
ARE DEVELOPED 


DISADVANTAGES 


LGW ELASTIC MODULUS 

InITIAR HGLO COSTS 

etaslsT i ELe 

HIGH MATERIAL AQUISITIGNH COSTS 
BRITTLE, LOW STRAIN TO FAILURE 
MATERIAL HIGHLY ANISOTROFIC 

LOW INTER-LAMIMAR SHEAR =TRENGTH 


Sete VLEET Oven 1 t) CHECK 
Wiese vre it OF EaRGE Speuil URES 


PHOS ERl? SEA Minter [Pie Si itt 
DEGPADES MATERIAL PERFORMANCE 


SRG URES OEPLEGT ION LITTER 
Vat eEeliV ED. Mel ERTAL 
APPEARANCE DEGRADES DUE TO , 
ENVIRONMENTAL ATTACK 


Mie teeecerer Ce EXPER PEIUS 





TABLE 2 


SUMMARY OF EXISTING GRP MINE WARFARE SHIPS [3] 


Country Class Length Dicepl. Entered Number Canst 
(41) CLtons) Service Planned Notes 
Australia Catamaran 101 1 é0 Mid-8&0’%<- & j 
Bel gquim Tripartite 154 744 80-87 10 fu 
France ieapar Uiete 134 044 &0-87 ja 2 
Italy Lerici 16e 500 i yates: 10 5 
Malaysia Mahamiru 143 900 1984 4 3 
Netherlands Tripartite 154 544 80-87 15 Fi 
Swede ni M30 tee 340 334 é 1 
U.K. Wilton baz 450 ays 1 ts 
eK Hunt 177 VED 1786 ee 2 
USSR Zhenya 140 300 Po 7 S = 
USSR Andryusha 147 eval!) hee ie 3 
USSR Sonya 160 440 1973 42 4 


Construction Notes 
GRP foam core sandwich 

GRP single ekin-stiffened 

GRP single sKin-monacoque 

» Uood with GREP sheathing 

GRF structure but not confirmed in literature 


Cn & 4&3 NJ = 
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TABLE 3 


COMPARISON GF VARIOUS SHIPBUILDING HATERIALS (2,3,] 
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RELATIVE 


ee iitteain so 


| 

| | 

| 1 MAGNETIC | 
| 1 SIGNATURE | 
| MATERIAL | COMPARISONI 
| | | 
| | | 
| | 
] | GREATER | 
| ALUMINUM | THAN GRP | 
| | 
| | 
| 
| GREATER 
| STAINLESS 1 THAN GRP | 
sia el | 
| | | 
| | | 
| | ** EQUAL | 
| TITANIUM | | 
| 
| 

| WOUD | EQUAL 

| | 

| | 


SS eee 0 ee 


TABLE 4 


COMPARISONS GF GRP 
HIFEUILDING MATERIALS 


- ORI ING RUPERT 
| ; 


| 
LIGHT SHIP | MATERIAL | 
STRUCTURAL IACQUISITIONI 
LIE 1 GHT eos | 
COMPARISON | COMFARISCN 


FEE | Bess 
HEAVIER | THAN GR PP 
THAdt GRP | 

G77. 

THAN GRP 


comm imme me ee ee mee 


Pe eet SITES 
GRP | GREATER 

| 
Zo7 HEAVIER] *¥** EQUAL 


| 

| 

| 

| 
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| | 
| | 
HEAVIER | EQUAL | 
| | 
| | 
| 

| 

| 

| 

| 
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| 
| 
THAN GRP 
| 


eee) 


As ELIS OF 
PRODUCT E) bid 7 
COMPARISON 


ERs into 
THAN GRP 


WGHER Geaei 
THAN GRP 


HIGHER RI=K 
THAN GRP 


HIGHER RISK 
THAN GRP 


* All comparisons made with respect to GRP CSM-WR in FE matrix. 


*¥* Titanium is a non-magnetic material but not proven on ship 


magnetic range trials. 


*¥*% Wood cost does not include SOX wastage allowance. 
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TABLE 5 


NORMALIZED COST COMPARISON BETWEEN 


STEEL AND GRP SANDWICH SHIP STRUCTURES [5] 


Comparison 


Material 
cost 


Production 
Hours: 
General 


hull deckhouse 


Hull Equip 
POD sane ein. 
Other Mach. 
Prec tree 
Equip. Mount 


Total 


Eased on the conetructian of 5 or mare 


CE een ee ee ee 


100 
100 
100 
100 
100 
100 
100 


100 


| 
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Material 
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Millions of !b 


Transportation, land 
Construction 
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Marine 

Electrical 

Consumer Goods 
Appliance 

Aircraft 

Other 


TOTAL 


AGUAL CHANCE 2 
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Arpliance 

Aircraft 
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TABLE 6 
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COMPARISON OF SEVERAL NDE METHODS 


TABLE 7 


[32] 





Method 


Chapter Properties sensed of monsured 


Typical fiaws detectad 


Representative noplication 


AGvantiges 


Limitations 





X-ray cacography.. 


Neutron fadiag- 
raphy. 


Lijurd penetrants... 


Eddv-urrent 
lesting 


\icrowave (esting... 


Magnete partucies... 


Magnetue feild 
tesung 


Ultrasonic tesung_.. 


Sonic testing... 2... 


Ultrasonic 
holography 


inirared testing ..__. 


Strain gages 


se ecccce 


Brittle coatings...-.. 


Opucal holography.. 


Leak detecuon...... 


4 fohomogrneities in thickness, 
density, of composition. 


@ Compesitional inhomogeneities, 
serectively sensitive Lo par- 
tieular atomic nuclet. 


2 Matenal separations open tos 
surface 


§ Arcorgsbesin electric canduc- 
tivity and, in cases, magnetc 
permeabllty 


T Anomailes In compiler dieiec- 
tne enediicient, surface 
snomites in conductive 
matensis. 

8 Anomaues in magnetic fold 
fiuxs at sucface of part 


& Anomalies in magneac Geid 
flus at surface of part. 


3) Antomaues In acoustic im- 


pedance. 


3.) Anomaues in low-frequency 
acoustic impedance or natural 
faoues of erhration. 

3 Same os ultraronic testing...-... 


Same as ultrasonic tesung 


Vous, porosity, Inclusions, 
and craces 


Presence, absence of nitloca- 
tlon of internal components 
of suitable composition. 


Cract3, gouges, porosity, laps, 
and scams. 


Cracks, seams, 3nd vanations 
in alloy composton of heat 
treatment. 


In dielectnes. dlsbonds voids 
and targe cracks. in metal 
surfaces surface cracts 


Cracks, seams. laps, vous, 
poroaty, and Inciusions 


Craces, seams, laps. ymds, 
porosity, aod inciugons. 


Craceés, voids, porosity, and 
aad delaminsuons. 


Disbonds, delaminations, 
larcer cracks or voids in 
ample parts. 


6 Surlace temperature; anonialeas Voids or disbonaus in non- 


in thermal conductivity and/ 
or surface emmusivity. 


Mechanical strans_.._-....--.-. 


1% Mechanical strains... 2.2... ....... 


——-—— 


1 Flow of s fiuld_.....-. 2 -...-....- 


Mechanical strains............... Not used lor daw detection 


metailics: lncation of hot o¢ 
cold spotgin thermally 
acUve assemblies. 


Not commonly used for faw 
detection. 

Dishbonds; delaminations: 
plastic defnrmation. 


Leaks in closed sysicings 


tewseee 


Casunes. forgings, waldments, 
and asssrnbiles 


Inspercion of propellant or ex- 
plosives charce insule ciocad 
am muni don of pyrotechnic 
deviers. 

Castings. formings, #eldments. 
and conponents subject to 
fatique or stress-<corraston 
cracking, 

Wire, tuting, local remions of 
sheet metal, slloy «octung, 
and thict ness gaging 


Glass aber-+eun structures, 
piasucs; ceramics, mmscure 
contant; thick ness men ure- 
ment, 

Castings, forgings, and er- 
trusions. 


Castings, forgings, and ex- 
t(rumons. 


Castines, forgings, *strusions, 
(hici ness gaging 


Ladunsatad strictures, honey- 
eormh; smnul parts with 
charactenis:le “nnag" 

Tasperctinn of small, geonetri- 
cally regular parts. 


Laminated strictures, honey: 
como, electric and electrnnic 
errcults. 


Stress-atran analysis of moat 
roatenais. 


Stress-strain analysis of moat 
materials 

Honeycomb: caniposite 
strictures, tires, precision 
Parts such as leanny 
eloments. 


Laseeee. WOCMM Systems: gas and 
Hquid storage vessels: pipes. 


Detrcts internal flaws, uselul 
On 3 -wide vanely of inscertnis, 
portahile: permanent record 


fiend penetration of mast 
structural nistals, high serisi- 
Uvily to (avoranio materials: 
Petruanent record 

Inexpensive: easy to apply, 
Portabie. 


Moderate cost, readily auto 
Natad> portabie; parmanent 
record if needed, 


Moncontacting: reriily suto- 
mated: rapid inspection. 


Simple, tasipenavre senses 
shailow subsurfwa flaws as 
well ns surlace flaws 


Good seamtivity to and dis: 
enmunaunn of fatigue cracks: 
remitly sucoentiated, noderate 
depth penecemiion, perma- 
nent recor) if ceeded. 

Faceilent penetrauon, readily 
automated: zond sensilisily 
sad resolutian requures cess 
to only one ate perinanent 
record tf neade dt, 

Comparatively simple to lm- 
plament; reakly automaed; 
portatile, 

Produces a viewable imace «if 
Haws 


Produces a Mewable theemal 
map 


Low cost: reliable. . 2.22.02. 2. 


Low cost; produces large area 
ming af strain etd. 

Eatrenwty sensutive: preeluces 
nap of stracn Heid: permanent 
recon If ne let. 


Good censitivity; white rance of 
Instsunientation avalable. 


Cast, 


Insenwutire ¢9 preegisting sruns., 


Cost; relntlve insensitivity to 
*ton la:nuaar taws such as 
fatiance cracks and de!lamesia- 
tions, heath faz ad, 

Cost, raiativeiy inportaple, 
poor detridion, health narard 


Flaw must be open to an ac: 
cessible suifa*, messy, ie- 
relevant tnesiess:ons offen 
orcur: operator depen tent, 

Con-ductuta matenasis naly; 
snailow penetration, feometry 
-ansitive reference standards 
often necessary, 

No penetration of metals: com- 
parsuvely poor definition Wf 
Ass 


Perromacnetic matenais nnly, 
messy; careful surtue prepart- 
tlon required) tere-eraonet tas 
Ucsiions ol.eo occur, 
operatog dependent. 


Ferromagnetic mMaaenas only, 


proper mamsazation nf part 
sometimes UTicust. 


Requires me hanical coupling 


to surface manus Inspr On 
issinw reference statidards 
usinaily fod: nperator 
leoendoent 


eometry sansitare, prot 


delintion. 


Cott, frauted to small parts. 


poor detimruUon compared to 
rxhoeiphy 

iiiMeult to contrai surtwe 
emuassivily, poor deonidon. 


= 


small ares coverage, requires 
Dending to surtace 


(nmeasitive lo preeastne strains, 


messy-hinited necuracy. 


“~oxt. cOmptedity, requires 


considerable sxill. 


Reyuctres internat and etlernal 


weass Lo System: contiminadnts 
niny tntericre: can te costly. 
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TABLE & 


CRITICAL DELAMINATION SIZE FOR 
FAILURE IN GLOBAL AND LOCAL LOADING 


SHEAR INSTABILITY 
FROFAGAT ION FAILURE 
LOADING OF DUE TO 
DELAMINAT ION DELAMINATION 
GLOBAL nip ee! ae | 14 in. 
(Maximum | 
Moment) | 
LOCAL ol te 14 in. 
(Gsm 2970 
psi ) 
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TABLE 9 


SireooseCUNCENTRANIGNS fOR 


HOLE ISOTROF IC AFF ROX IMATE 
DIAMETER | SPIRE ORTHOTROF IC 
(inches) | CONCENTRATION | Sibess 

| : CONCENTRATION 
a a a 
| | 
: | 
ao | eyo | Hy Oe 
, | 
i | 3.03 | 2.94 
! ' 
) 
a | 2.04 ee 
t 
4 vee, Bly aor 
| | 
{ 
4g | 4.60 | 5.98 
62 5.08 | 5.40 
76 8.40 fees 
84 aoe 16.44 


Pit 





TABLE 10 


CA ieee wen eer eorze FOR HOLES 
Wiehe oe ote tt. rANEL OF GRP 





HOLE DIAMETER CRACK SIZE 
(inches) TO FAIL 
(inches) 
7s) 4. 
Le Pee get 
4 40 
48 224 
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TABLE 11 


Pes fk 


COMPARISON OF qT 
lescetiLHuous 
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mio st US 
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aoe lol 


Ser mass lVE 
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SUMMARY°GreEEHeE EPFEETS OF 
DEFECTS FOR GLOBAL AND LOCAL LOADING 


ee filcal-pEFECT 








GLOBAL LOCAL 
RENDING & RENDING xk 
—-= —_-- 








(a in inches) 
SHEAR FROFAGATION 
OF DELAMINATION a= 59 | a=zé 
MODE II | 2 





INSTABILITY FAILURE : p 











Dye 1G a= 14 | a= 14 
DELAMINATION ! | ! 
eee eee. 5 a eee ae eee 
| NO HOLE : | 
JUST CRACK a= eas | Aas 
MODE I , , 
12 in. DIAMETER HOLE | 
WITH CRACK: a = .79 Sc AS | 
MODE I | | 
a SAS SE a. iene pee en ee Ace eee eer Sa a = 
124 1m. DIAMETER HOLE | | 
WITH CRACK | ee nn : a= .735 
MODE I : | i 
| aa eae 
48 in. DIAMETER HOLE | | 
WITH CRACK | SS ae a= .40 
MODE I | 
VOID CONTENT Vy, = BLY eee is 


k & MAXIMUM BENDING MOMENT 
ma 2 O = 2970 psi 


tee 





TABLE 13 


SUMMARY OF EXAMPLE EVALUATIONS 


DEFECT LOCATION EVALUATION 
OLD / PROPOSED x 
: a 
| 
& SINGLE | NON~STRUCTURAL NOT / ALLOWABLE 
Megs in. VOID | BULEHEAD ALLOWABLE 
; 
aa 
5% VOID ' SUPERSTRUCTURE : NOT / P®LLOWABLE 
CONTENT | PANEL ALLOWABLE 
| me 
| | 
6 in. DIAMETER | SHELL BELOW NO / NOT 
HOLE WITH } WATERLINE FROVISIONS ALLOWABLE 
fo .5 in. | FOR 
CRACKS | EVALUATION 
| 
{ 
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Meeeoel ON ESTIMATES OF EFFECTS OF DEFECTS FARAGRAPH 4.1 
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FIGURE 1 





FORECAST GROWTH IWN 
UNIDIRECTIONAL STRENGTH PROPERTIES OF 
EINFORCED PLASTICS AND CONVENTIONAL MATERIALS 
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Steel plastics 
Aluminum | al 
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Past and forecasted growthin the unidirectional structural properties of RP and conventional materials Ratio 
of tensile ( ) or compressive (- +++ ) strength (psi) to density (Ib/cu in.) X 10°. Ratio of tensile modulus of 


elasticity (psi) to density (Ib: cu in ) X 10° (----). 
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REA ita OU muicGemeneo mele ORCED PLASTICS . 


Advantages af use sutweigh the disadvantages 





- comparable acquisition costs 
- reduced operating and support cast 
- improved hull material performance 
Sepeoquccldmeth Veuimolmwetcqnt ty 214 (2) 
~ provides a SédE reduction in radiated noize [1] 
=—feaueced huld maintenance [3] 
- non-magnetic 


- reduces electrical requirements due to hull 
insulation 


- reduces the cemolexity of repairs [5] 
=iiimreved oreguct a) | tty 
- moderate to low technical risk 
peagvVanceorr techno lony 


- lighter ship-shallewer craftt-reduced preszure 
signature [17] 
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Shee ooo rAlN CURVES FOR 
CANDIDATE MINESWEEPER HULL MATERIALS [6] 
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FIGURE 4 


SANDWICH MATERIA 
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STRESS DISTRIBUTION INA 
SANDWICH BEAM SUBJECTED TO BENDING [1/4] 
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BENDING (oc) ANO SHEAR (1) STRESS 
DISTRIBUTION IN A SANDWICH BEAM 
SUBJECTED TO BENDING. 
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FIGUFE 6 


AN EXAMPLE QF INCREASING FLEXURAL 
RIGIDITY WITHOUT INCREASING WEIGHT i) 
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APPENDIX B 


INSPECTION PLAN FOR HULL GRP SANDWICH 


Log 








INSPECTION PLAN FOR HULL, GRP-SANDWICH 


PLAN NO. GRP 85-01 


Reno vEw PO Keorl Uh NO tos a an. 5 cleieis 


Approved by: 1985-01-28 Lars Back/Qa Manager 


Prepared by: 1985-01-28 [M0 Ent Lars Back/Qa Manager 
WO ssc O Lae 
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Cro NNT 


General 

Incoming material 

2.1 Core material 

2.2 Polyester and filler 
2.3 Glass 

2.4 Storage 

Production inspections 

3.1 Production loggbook 
Bue EEPOCeESS- COnurol 

3.3 Dimensional inspection 


3.4 Quality testing 


Final inspection 


ISS 





ENERAL 


This inspection plan is prepared in accordance with the Quality 


Assurance Manual, Section 12.1. 


Tne plan shows the inspections and tests to be carried out during 
manufacturing of the GRP-Sandwich hull, ship no..... In the plan, 


requirements and referrences of quality requirements, are stated. 


The Manager of the Inspection Department, Tc, is responsible to 
follow the inspection plan in all respects and, when found 
necessary, expand the amount of inspections and tests in order to 


assure sufficient quality results. 
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INCOMING MATERIAL 


CORE MATERIAL 
Quality requirements according to KVS 1038. 


Inspection of core material by the manufacturer according to by 


Karlskronavarvet AB approved inspection manual and plan. 


At receipt of core material, the Quality Assurance Manager, Qa, re- 


views and approves the quality reports and releases the material. 


Copies of test certificates are kept in file by the Inspection De- 
partment. 


Prior to delivery of the hull from the plastics work shop, the In- 
spection Department, Te, submits a "Certificate of compliance, core 
material". 


Verification tests to be performed by a third party authority are 
specified by the Hull Design Department, Tkf. The Inspection Depart- 
ment, Tc, is responsible to arrange for the required test specimens 
and to send them for testing. Authority to be used: KTH, Department 
for Light Structures. Test documentation is filed by the Inspection 
Department. Copies to Tkf and Qa. 


POE SlER AND FILLER 
Quality requirements according to KVS 1035 and KVS 1040. 


Test certificates shall be included in all deliveries. 


The Inspection Department reviews and approves the certificates and 


_releases the material. 


The certificates shall show: 
FOeveolen | FILLER 

Acid value x 

Gel time 

Viscosity 

Exoterm max. 

Density 

Styrene content 


~ «~ «MS Mw 


~ ~§ «~ «MS MK 


oy 





Tne test certificates are kept in file by the Inspection Department, 


For each charge the Inspection Department, Tc, checks the gel time. 
The test report is filed together with the certificate. 


Prior to delivery of the hull from the plastics workshop the Inspec- 
tion Department submits a "Certificate of compliance, polyester and 
filer". 


GLASS 
Quality requirements according to KVS 1296 and KVS 1297. 


Jest certificates shall be included in all deliveries. 


The Inspection Department reviews and approves the certificates and 


releases the material. 
The certificates shall show: 


Height 
Loss on ignition 


Moisture content. 


Tne test certificates are kept in file by the Inspection Department, 
ic. 


For each delivery batch and type, the Inspection Department, Tc, 
checks the weight by 1 m material. 


Prior to delivery of the hull from the plastics workshop, the In-- 


spection Department submits a "Certificate of compliance, glass". 


STORAGE 
Tne Manager of the Stores, Tdm, is responsible to follow the re- 


quirements concerning environmental properties and maximum storage 
time as stated in KVS for each material. 
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Glass shall, 2-3 days prior to use, be stored unsealed at approx. 
+250C. 


All nonconformancies shall be reported to the Inspection Department, 
ok 


The Inspection Department, Tc, performs spot checks every four 
weeks. List of spot checks performed, showing date and signature of 
the inspector, is filed with the material certificates by the In- 
spection Department, Tc. 





“Ss —=— 
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PRODUCTION INSPECTIONS 


PRODUCTION LOGG BOOK 

The Inspection Department, Tc, prepares the production logg book. 
All inspections and tests performed shall be noted in the logg book 
by the inspector. All structural laminations shall be booked. 
Starting time, terminating time, etc. are booked by the workshop 


personnel. RH and temperature etc. by the workshop personnel. 


The production logg book shall be available for review of the 


client's representative. 
All KkrV quality documentation shall be included in the logg book. 


After finished work, the Inspection Department, Tc, shall keep the 
logg book in a permanent file. 


PROCESS CONTROL 
Work with the plastic is to be carried out preferrably in the 
temperature interval 18-20°C but not below 15°C.’ 


Surfaces to be laminated shall have a temperature at least HOC above 
the dew point. 


Premises are to be kept free from oil, grease and water and, as far 
as practically, free from dust and dirt. 


Remains of glass fibre material, intended for later use are to be 
immediately placed in the area reserved. Unusable remains are to be 
disposed. 


ENVIRONMENTAL INSPECTIONS 

Temperature and RH are to be automatically registered. The Inspec- 
tion Department, Tc, locates the recorders in the workshop. Tne 
graphs are filed by the Inspection Department in the production logg 
book. The recorder's location is noted on the graph. 


The Inspection Department, Tc, performs spot checks of surface 


temperatures twice a day. Measured Surface temperature and dew point 


are booked in the production logge book. 
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PROCESS INSPECTIONS 


When coring, inspection of core density by colour codes according to 
KVS 1038. Performed by the shop personnel. 


Prior to filling, inspection of joint preparation. 


Peine fillings ere visually inspected and tested by use of test 
specimens, core plugs, one per 200 m bonded joint. The specimens are 
identity marked and registered in the production logg book by loca- 
tion (hull, bulkhead, deck etc), result and, if applicable actions 
taken. Positions are indicated on the hull drawing. The specimens 
are visually inspected. 


Tne uniformity of the core is inspected througout construction. 
Adjustment fillings of glue joints, filling of nail holes etc and 
grindings are inspected by the Inspection Department, Tc. 


The client's representative is called for his approval prior to 
starting laminating. 


2 Laminating 


ee ee 


Spot checks of glass content: 
Number of tests 


Hull (in- and outside) 10 
Bulkheads, decks 30 
House 10 


Tests are performed random during the laminating phase. Test 
specimens’ locations are documented on the hull drawing. 


Glass content requirements: 


Use of combi sheetings all to KVS 1297 and laminating are to DW3 
9000-212357: 

Rec. value hO-42 ¢ 

Min 38 2 





Use of chopped strand mats acc. to KVS 1296 and laminating acc to 
WG 9000-212357. 


Rec. value 30-32 % 
Min 2o5 


‘nichness measurements by use of ultrasonic testing: 


Instrument: Panametrics 5227 or similar 


Calibration blocks of same material as testmaterial. 


Number of tests: 


Hull (in- and outside) 20 
Bulkheads, decks 60 
House 20 


Tests are performed at finished laminates before polyester coating. 


Locations and results are documented. 


On completion of each layer the following shall be inspected: 


Air bubbles 
Delaminations 
Bonding faults 
Wrinclers 
Running 
Cracks 

Pores 
Deformations 


Protruding glassfibres 
Taperings 


Fully completed laminates are to be inspected as above plus the 
following: 

surface finish 

Surface smoothness 

Hardness after 20 days 


Ps 
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Inspections performed are signed off in the production logg book. 


Gel time is checked weekly. Tests to be performed in current produc- 
&1On. 


Checks performed are signed off in the production logg book. 


To continue laminating after interuption, following shall be con- 


sidered: 


in Interuption less than 24 hours: If necessary clean the surface 


by use of styrene. 


i Interruption max 20 days or the Barcol hardness max 40 units: 
Clean the surface by use of styrene, grind with paper and clean 
from grinding dust. 


Cy 


Interuption longer than 20 days or the Barcol hardness greater 
than 40 units: Clean the surface by use of styrene. Grind with 


rough paper and clean with a great quantity of styrene. 


The client's representative is called for his approval of completed 


lamination. 


DIMENSIONAL INSPECTION 


Assembly of rib frames 
Every 5th frames are checked regarding full and half widths, heigth 
and DWL. 


The rib mould are inspected regarding: 
Alignment 
Frame spacing 
Total length 
Fairing 


Tne client's representative is called for his approval. 
Laminating 
Before turning the hull over, the DWL is transferred to the outside 


of the hull. Six drilled holes are used. After turning over, the 
hull is levelled to the Dv_L. 


ai 





3.4 


The inspection is documented. 


Before starting laminating the inside of the hull, the ships center- 
line is obtained and full and half widths are measured. Five equally 
spaced points are inspected. The results are documented and pre- 
sented to the design engineer in charge for his approval before 
starting laminating the inside. 


QUALITY TESTING 
All outcuts shall be identity marked. 


Material testing: 


Test blocks from finished structure: 


Test block marking 
Hull (VS—hole) 4170-117294 
Deck 4170-7403 
Bulkhead (door) 4170-116767 
House (door) 4170-117327 


fests to be performed: 
Glass content, tensile ultimate strength, E-modulos for the 
laminate, bonding and bending for complete sandwich structure. 


The Inspection Department, Tc, is responsible to identify test 
material. order proper tests and report the obtained results. 





4 


FINAL INSPECTION 
All. items produced are visually inspected. 


Trapped air, in the form of small bubbles in the completed laminate, 
must not exceed 3 % in roving laminate and 4 % in mat laminate of 
the volume under any surface area of 1 m¢. No single air bubble 
greater than that encircled within a diameter of 15 mm is permitted. 
Faults such as delaminations, surface pores, cracks, poorly wetted 
reinforcement, accumulations of pure resin, orange peel finish or 
other surface defects are not acceptable. Defects are to be removed 
according to the inspector's instructions and the laminate is to be 
repaired to make it free from faults and qualitively comparable to 


adjacent laminate. 


Classifications and estimations of laminate defects e.g. air en- 
closures and delaminations are based on the principles of "Inspec- 
tion Manual for Fibrous Glass Reinforced Plastic Laminates" 
(Navships 250-346-2), Wash. DC., 1964. 
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APPENDIX C 


MINE WARFARE SHIP (CMWSX) SUMMARY 


The MWSX (Mine Warfare Ship Experimental> is a Keel up 
feasibility design performed by the authors. This effort 
represents the culmination of a year long senior design 
project, M.I.7T. course 13.461, that is an integral part of the 
Ocean Engineer program within the Department of Ocean 
Engineering for U.S.Navy Officers at MIT. 

The MWSX is used as the example of an advanced naval 
vehicle in the text of this thesis. An advanced naval vehicle 
can be qenerally characterized by a low factor of safety in 
its structural design. 


Pertinent information about the MWSX is included here: 


Mission: Minesweeping and Mine nuetralization 


Environment: All aceans of the world; actual mine 
neutralization activity in coastal waters 


Characteristics: 


Length--------- 225F+ 
Displacement—---i400 tons 
beanaea=----—-— 445. 
Drattann. ++ 10.8f¢ 
Dep th---------- 28 Ft 

Hull design: The hull is a sandwich material. The 


faces are combination plies of woving 
roving stiched to chopped strand 

mat Ctotal weight 58 oz/sq yd) in a 
polyester resin. The core is a high 
performance, high density (15.6 lbs 
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Serecubiemrt,) Closed Eel! PYC foam. 


Roading: The once in 20 years estimate of the 
maximum bending moment is 24,616 ft-tons. 


Framing: Transversely framed at 8ftintervals. 
Structural The midship section has a moment of 
Design : inertia of 1805 ft°4. The dimensions 


are shown below [face/core/face tn inches]. 


| 
shell above | 22tt al main deck 


waterline | bOwe- 2.4 ,0.6) 
mend. 2.4,0.41 










second deck 
(0.4,2.4,0.4] 


third deck 
shell below | eee te 10.4,2.4,0.9) 


Waterline 

(0.6,2.4,0.6] \ ee [0.6] 
i foam [6.0] 
> eae 


¢ 
Production Semi-automated, the plies are impregnator 
Method : dispensed on site and then manually placed 


and consolidated. 
Cure: Room temperature. 


Material strength 
properties of laminate: 


E,- 4.6 x 10E6 psi 
E,= 3.0 x 10E6 psi- 
G= 0.45 x 10E6 psi 
yre= 0.18, Noe 0.20 


tensile strength = 38,000 psi 
compressive Strength = 20,000 psi 
ILSS = 14,000 psi 

SBSS = 5,200 psi 

Qlass content = S38” 


For additional information refer to Reference [3] 
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RESEARCH DOCUMENTATION CONCERNING THE DEGRADATION 


OF UNIDIRECTIONAL GRAPHITE EPOXY LAMINATE DUE TO 


POROSITY OF VARIOUS TYPES AND LQCATIONS _ 


submitted by: 


RONALD DBD. THOMAS 
b& 
CHRIS W. CABLE 
on 
12 February 1984 
for 
Course 3.9? 
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fh _INTROOUCTION 


fore etfrect of void content on the performance of a high 
strength graphite-epoxy ¢ GR/EP > system is dependent an the 
size, lacatian and type of porosity present. It is the scope 
of this research to study this effect in order ta eventually 
predict the behavior of a GR/EP system that is subject ta 
quantifiable porosity. 

This progress report describes the first phase af the 
research. The purpose of phase [I is to tntentianally 
introduce porosity of specific size, type and Jocatian 
within GR/EP unidirectional laminates and determine the 
degree of praperty degradation. The parosity was introduced 
by means of resin starvation, saline contamination and 


precure. 


This report summarizes the research efforts of R.DO. Thomas 
Smee. Cable during the summer and fall of 1783. 


Experimental techniques, details of the laminate layup and 


Te 


cure, test results, lestzans learned and recommendations ar 


addressed. 


Tl. Experimental Techni 





emeereesin starvatioan 





mec ing MEK solvent, it was desired ta controllably achieve 
emmecoa t7— 1024 level of recin starvation within GR/EP prepreg 


for further use in experimental laminates. 
2. Two methods of applying MEK were used: 


wea erushing: 

Using an ordinary 1" paint brush, MEK was brushed onta GR/EP 
prepreg test specimens, approximately 2"X 4" in size, that 
were sandwiched between two pieces of porous teflon paper. 
Initial research C1] indicated that YQ% resin starvation 
would be measurable by the observation of having just enough 
resin left to Keep fibers in place eine laryup. 7 samples 
were used in twa sessions. The MEK was Brushed along the 
fibers using one downward swipe and one upward swipe for 
each dip. The brush side was reversed following the cownward 


ewipe. 


Note: The samples were placed an a piece of aluminum 


honeycomb to facilitate drying. The brush was cleaned with 


5 
iD 


tap water and dried between sessions. The samples we 
allowed ta dry for at least 8 hours after Brushing. See 
Appendix A far specific data. 

Handling the samples in session ane was extremely difficult. 


Atter drying, it was impossible ta visually observe any 


if 


difference in extent af starvation between samples, and, 


because af some grozs fiber misaliaqnment during handiing, it 





was also impossible to satisfy the criteria of "Just enough 
resin left ta Keep fibers in place". Handling wast much 
improved during session II. This is attributable to the fact 
that the samples were cut of the freezer for a shorter time 
and were less tacky at a result. It was thought that such 
increased exposure ta MEK ¢€ 20, 30, 40 dips 9 would 
certainly yield some observable resin starvation. However 
this was not the case, and the visual method of measuring 
extent of resin starvation was abandoned. Back calculation 
of ~A resin removed based on an estimated weight before 
treatment confirmed that the Eruth method itself did not 
meet controllability requirements. Variables such as Brush 
Secorotion, presture of swipe, lack of uniform distributian 


etc. led to the abandonment of the brush method. 


wee. Soaking 
The soaking method relied on a weight analysis ta determine 
extent of resin starvation. 

Mmrot, the percent epoxy (by weight) of the S20e/T300 GRE 
prepreg was experimentally determined to be appraximately 
Sf“. This calculation was made by soaking a sample of 
prepreg for an extended periad, thus insuring that clase to 


LUQ4 epoxy was removed. The foallawing formula was used ta 


represent the ~ weight of epoxy in the prepreg: 


Mem) GEFORE = WEIGHT AFTER = WEIGHT OF EPOKY 


PEVeh SeEORe VetGhin G- FPREPREG 
ee 3 





inet Various extents OF soaking with MEK were emploayved to 
bracket desired levels af starvatian. Qnce Eracketed, the 
desired levels were marrowed in on, and duplicate tests were 
made to qaugqe reproducibility. Soaking was accomplished in a 
2" deep enamel bakeware tray. Standard size samples of GR/EP 


prepreg were sandwiched between two pieces of porous teflan 


TL 


paper. Soaking was performed in four session 


¢ 2"x4" samples were soaked az follows: 


ad. 30 min. 
moe cl.s min. 
fee tO min. 
See io min. 
ee min. 
eee oo min. 


fee 7 min. 


Due to improper zeraing of scal@® used to weigh samples a, O, 
c, and d, thase results were invalid. Weights (before saak) 
Were measured with the teflon paper for ease of handling. 
The sandwiched samples were immersed into a bath af MEK and 
then pulled out with the tweezers and placed aon aluminum 
honeycomh to dry. Weights Catter saaking?> were measured with 
the paper and then the paper was weighed. 
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The weight of the teflon paper was found to differ anly 
slightiy between "before soak" and “after soak" conditions. 


For ease of handling, the weight of the paper after soaking 


Sac=— ion. ll 


Samples ¢, f, and g, were further soaked € using the same 
procedures as in Sesetion I 20 ta determine the extent of 
feeeevatiem at F, 11, 13, is, 20 and os minutes. 

The results as shown in appendix B were fairly camsistent. 
Some variations were due ta: 1). The handling of the poraue 
teflon paper in order to achieve weights after saak., 2). 
The MEK bath wast not cansistently renewed, 


Because of ite reatonable reliability, the eaak method was 


chosen. 
Sessian II] 


At this staqe in the experiment it was desired ta 
meeoronally achieve a SO +/7- 104% extent of resin 
starvation. 3S mew 2"x4" samplet were soaked for lengths aft 
time varying from 30 sec. to 9 min. Al! three samples were 
scaked close to the same length of time, and then dried, 


weighed and further saaked. Again, the paper was weighed 





Meter the Soak. Drying times in thie session were much 
shorter than previcue sessions. Samples were only dried 
tec | they felt dry to the touch Capprox. 10-15 min.>. The 
results, <¢hown in Appendix C show a marked sensitivity toa 
the way the MEK bath it renewed. Freeh MEK soaks show a very 


consistent trend. 
Seesian [VU 


Full sized pieces of GRYEP prepreg (S"x12" and 4"x1l2") were 
soaked for actual use in the experimental laminates. These 
pieces were caretully cut to ¢ize and thus were al} 


appraximately the same weiaht. 


Using thie standard and weighing the porous teflon paper 
before saaking reduced and therefore impraved handling. 
Another handling improvement wae achieved By placina the 
GRYEP pieces on the aluminum honevcamd during soaking. This 
caused a more unifarm flow ot MEK as the sample wast being 
removed (still on the haneycaomb) from the MEK bath. It alza 
mmemged the drying process as it taak langer now for the 
pieces ta feel dry ta the touch. The results are shown in 


Appendix O. 


Bemecaline Exposure 
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1. GR/EP prepreg was exposed to artificial seawater for 
further use in experimental laminatezt. A concentration of 
24qg. NaCl / 1000q. distilled water was used. Samples were 
soaked for approximately 13 heurs by immersion and then 


Gried for 8 hours. 


C. Precure 
1. GR/EP prepreg was precured in an oven at 350 degrees F. 


for 1 hour for further use in experimental laminates. 


ewe Cerr 


A. Scheme 
1. The layup scheme is ehown in Figure IITI-1. The crack 


starting strips were included for future fracture analvsis. 


B. Procedure 


1. Standard TELAC procedures [C2] were used for layup. 


oe Cuming et laminate latze 





A. Scneme 


fee) l2"xid” plates were cured in am autoclave using the 
memrawing cure crcles 
ae apply vacuum 


meee. + Inches tor plates I, II], III, V only 


ro 
3 
ou 
——— 
ote 
ri 
<_ 
= 
ou 
tn 
| 
ID 
cr 
a 
ou 
rt 
Ts 
O 


in the vacuum bag. 
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mmr te 27a deqrees F. €tS7-10 degrees F.> at 4-6 deaqrees 
fer 1 

eeneld { hour 

d. increase autoclave pressure to SS-100 PSIG 

pee; degrees F. to 393 degrees F. € t7—- 10 F.)D at 4-5 
meazimin. 

*#. held 2 hours 


GQ. cool with pressure 


2. Actual autaclave temperature/ pretsure histoqram far the 


cure cycle run is shown in Appendix F. 
B. Procedure 


1. Standard TELAC procedures [2] were used for the autoclave 


run with the fallcawing exceptions: 


a. Placement of Bleeder pliez 

1. Bleeder plies are normally placed on the top of the 
laminate using one Bleeder ply for every twa laminate plies. 
In this experiment Bleeder plies were placed symmetrically; 
meeeon top and 1/2 on bottom. Thiet was done in an attempt ta 
Balance the excess resin bleed off thus Keeping induced 


epmstty intact. 


Eb. Sectioning of standard plate 
1. To gain a larae number of specimens each standard 12"x14" 


Seeece Wa= secticaned inta 3 subpiates; 2-12"x*S" and 1-12"x4" 


i Sie 





iting o/4- bu 12% non porous teflon strips. These etrips 


were intended to stop excess resin flow between subplates. 


merost cure 
1. The preliminary plies on plates 1 and 3 were Badly burned 
eucimg cure. Thus plate identification was questionable. 


Plates 1 and 3 may have been inadvertently interchanged. 


Pees oer ChSeEUARLONS 


1. Samples were cut and prepared for cobeervatian under a 
mieroscope. 

Seeoranifticant porosity was induced. 

3. The magnitude of porasity present suqgests that indeed 
plates 1 and 2 were mismarked after cure. The porasity 
should have been more severe in plate 1 and was abserved ta 


be more severe in plate &. 
Wie oabhise LESRNED 


1. Handling GR/YEP prepreq during pretreatment was a 
difficult task. The following techniques improve handlina: 
a. Handle lest (see sezzian 4 of section 2)! 

DOD. Renew the MEK bath for each soak. 

mma =p ER/EP out of freezer for short periods only, and 
return them to freezer after pretreatment before layup. 

G. Use porous teflon to sandwich the GREP. 


Seeearup of resin starved plies was a challenge. 
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Oe 
i, 2 
yn 


a. the tackiness that impedes you during pretreatment h 
you in some aspects of layup. 

Per ractice layup using starved plies ahead of time. 
Seeworking with the 15 Dept. technicians tn charge of their 
autoclave was a professional pleasure. Future liaison should 
be initiates through Prof. Lagace x3622 and Dave Brewer 
x2430. 

4. 3 Dept should have its own large capacity freezer and 
layup tables. Travelling back and forth between 14 Dept 
freezer and 3 Dept pretreatment labt was cumbereome. | 
Beeray close attentian to identification markings. Peel 
plies will burn! 

&. Keep prepreg tiahtly sealed in freezer to prevant 
condensation. 

¢. The method used to separate the standard plate inta threes 


ffective war to increase 


ne 


sections wast successful and is an 

the variety of pretreatments used. This wast done for 

economic reasons. The cast af the autoclave run wae high, 

and it was desired to get a Tat out of one run. 

S. When sandwiching the GR/EP between porous teflon paper, 
oe 


Bubeeeme piece of faper on the GRYEP then peel the GREP 


Mmeoereag backing paper ofr before puttin Gene sic cr 


va) 
wn 
Df) 


teflon paper an. 


meear rubber gloves for all handling of GR/EP. 


Wile eS Ree 





A. GENERAL PROCEDURE 

The three point bending test as per ASTM wast performed to 
assess the effects of the induced voide/poroztity. Test 
specimens were cut using a diamond tip saw trom the four 
Pearou=!y Jayed up and cured plates. Asi Specimen geometry 
requirements and the echeme for cutting specimens are shown 
in Appendix H. This sampling scheme allowed the effects of 
voide/porosity distribution as a function of plate lacatian 


to be assessed. 


eee SULTS 


The load at specimen failure? was Initially used toa calculate 


i) 


the interlaminar shear strength, » This load corresponded 
Bema GOrastic change of the slope of the applied load versus 
eeecimen deflectian strip ehart output. We classified this 
approach as the final failure criteria. Appendix H provides 
a tabular summary of test results performed on zelected 
ecimens. The test results are inconsistent. For example, 


P 
the cantrol specimen Cplate 2-2) had an average ehear 


meeemath jower than all three suBb-glates cured aut of the 


ctr 


vacuum bag. This incansizttency it theught to be due to noe 
feig an tmitial deqradation toad ts determine §S. 

In an attempt ta evaluate the “true” chear etrenath, the 
Meaacg at the “first significant reduction in modulus" was 


used. Appendix G provides & tabular summary or test results 


on selected specimens. These 





consistent, in that plate 4 15s clearly weaker az expected, 
but not conclusive. For example, the rather sévere resin 
starvation pretreatment applied to sub-plate 1-3 led ta anly 
a 7.9% difference in strength as compared to the control 
sample 2-3. This difference is less than the 8.2% etrength 


standard deviation found in the control sample. 


eee ol SCuUSSIGN 

At firet nothing about the results “hit us Between the 
eyeballs"! In order to determine any “hidden" trends further 
statistical analysis was pertormed. Specifically, mean 
values and standard deviations were obtained and eer 
in Appendix H. The average strength of plate 4 was found ta 
be the lowest as expected. However, within all plates 
Sierrerent pretreatments did mot result tn any significant 


differences in strength as measured by the short beam shear 


Aopendices J and K show the effects of void/porasity 
Mieecribution. Based on the first degradatien criteria, only 
plate 4 chows a dependence of etrenath on the location af 
the specimen. Based on the final failure criteria, plate & 


shows centrally located specimens to be significantly 


SaEonger . 


Appendix L shows a comparative arrangement at stress-strain 
curves for several sub-plates. Thete curves are the inverse 


meena. or strip chart lead versus time graphs. The data 


does not show any significant dietinction Between control 
and void induced samples. 

Appendix M shows micrographs of each cf the subplates. It i¢ 
evident that the pretreatments used were successful in that 
voids/porosity were introduced. Plate 4 shows particularly 
srgniticant poresity. 

The differences in strength (see Appendix H) suggest that 
indeed plates 1 and 3 were micmarked after cure. The 


strength shauld have been lower in plate 1 and wat abserved 


to be lower in the plate marked 3. 


Week Cline dbem rons FOR FUTURE EFFORTS 


Tt is apparent that the short beam shear teet is mot the 
Pmomopriate test to identify the effects aot vaide/porosity. 


The foallewing courte of action is proposed: 


1. Conduct fatique tests aon epecimens from the same 


pre-treated plates. 


Smerirntner identify the location/extent ar 
voids/poresity using available techniques and correlate ta 


Cistribution effects found in plate 4. 


Sod 1S Say eae 


1."Development af Acceptance Criteria for Graphite/Epoxy 


Structures"; Naval Air Systeme Command Final Report, 19°82 


Paul A. Lagace and Jahn C. Brewer, Technoloaqy Laboratory 


rh 


far Advanced Composites € TELAC ) Manufacturing Course 


Notes: 1732 





APPENDIX A 


RESIN STARVATION DATA OBTAINED BY THE BRUSHING METHOD 


SAMPLE # # OF SWIPES WEIGHT Cqm) AFTER  “~_RESIN REMOVED 


x | | 282 lb 
<oeZ Zz 1.066 40.20 
x7 3 a eeit 8.34 
x 4 2 1.096 33.60 
* 5 Fi 07S Son 
x ¢ S, Pues coecu 
¥* 7 20 ies OS Pa iee ys: 
¥* 8 30 Uneae 60.10 
¥* 9 40 1.043 95.20 


ee DENG eset ool Oni hl 
Fc DENONESsscoo 1 Git II 


ASSUMED 2" BY 4° STO. SAMPLE OF 1.249 GRAMS & 345.44% EPOXY BY WEIGHT 


CONCLUSION: RESULTS ERRATIC, BRUSH METHOD QUESTIONABLE 


Llp 
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APPENDIX 8 


RESIN STARVATION DATA OBTAINED BY SOAK METHOD, SESSIONS I & Il 


SAMPLE _ SOAK TIME (min) WT BEFORE WT AFTER % RESIN REMOVED 

¥ e 2 (aol 0.814 85.6 

x f 5 1.282 0.886 83.4 

¥ Q 7 (BBS 0.874 85.64 

£ Q’ 9 es 0.821 96.2 
nef! 1! 1.292 0.829 5.1 

4 e/ 13 {phen 0.756 98.4 
xx @" 15 1.19! 0.754 99,2 

ex f" 20 1.282 0.815 8.3 
#% Q" 25 1.275 0.810 93.5 


¥- DENOTES SESSION J 
¥*- DENOTES SESSION II 


ASSUMPTICN: EASED ON 3 


37 % RESIN BY WEIGHT OF ORIGINAL 2° BY 4" SAMPLE 
NOTE: SAMPLES a,b,c & dW 


ERE INVALID DUE TO MEASURING ERROR. 
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APPENDIX C 


RESIN STARVATICN DATA OBTAINED BY SOAK METHOD, SESSION ITI 


SAMPLE SOAK TIME (sec) *% RESIN REMOVED 
ae 30 Suey « 
a=) Se So lex 
E=} 40 Lose * 
A-2 65 io ae 
je 65 84.7 
E=Z 65 eo 
A-3 95 83.4 
B-3 93 SERS AS 
bs 105 Blk go) 
A-4 F25 Tad 
B-4 hes 98.64 
C-4 35 73.0 
A-5 185 68.5 * 
B-3 188 3.7 * 
E-s gs voe0) & 
A-} 245 75.6 
Bo 248 84.1 
C5 Zoo Bilge 
A-7 305 Sena 
s/h 308 ea 
C=7 Sao 95.4 
A-8 coo 947,41 
Gee 348 ae. 
Bee eres Geshe 2 
A-9 Ba ise Ae Fs 
sy 37S S31 
C7 405 79.6 * 
A-10 $25 O76 
B-10 $28 et pve 
eo 435 ES) 
A-1i1 455 Ete. 
B- 1 43 Sai 
Gel 455 TU ae 
A=12 435 bo =u 
Bape 438 es 
C2 695 98.6 
A-13 ays) ace 
y= Sle 83.4 * 
E=13 a peRe, 92.6 * 
S-14 945 94.6 
B-14 543 90.8 
C-i4 ae Soe 

%* -- DENOTES NEW OR RENEWED MEK EATH FOR 2" BY 4" SAMPLES 


NOTE: RESULTS USING NeW OR RENEWED MEK BATH WERE CONSISTENT. 
THESE SOAK TIMES WERE THEN USED AS GUIDELINES FOR THE 
Pee ceneieede@e THE EAYUP SPECIMENS. 
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APPENDIX D 


RESIN STARVATION DATA OBTAINED BY SOAK METHOD (used for layup) 


SAMPLE SIZE TREATMENT *« WT OF TEFLON Wier TEFLON PEP UC( 


4 Ginpe < 7 ysec ) BEFORE SOAK BEFORE SOAK REMOVED 
Cam) Cam) 
AA 3 00 & 30 2.61 SEE 4.5 
BB 2) 85 & 3460 2.64 8.84 ole 
CC ss) Sones ssl Ja ees Ca 6 yom 
DD 3) DUB as ZO 3.04 oak 73.1 
EE 3) 85 & 300 Seco S.70 9$.0 
z= rs) 5 & 300 Seu yc 92.4 
GG 5) 85 & 240 2a 0 ons 49.0 
HH a) €5 & 240 2a LOS Sica 
TI os 30 & 240 Leos S16 Va ae 
JJ a S00 alae) 2acs Szod 43.1 
KK 4 all) 43 Ol Sys) Zot 8.34 Sey 
Et > DU 20 Zac vAresye 68.6 
MM 3) 00 & 29 aco 10.00 76.0 
NIN a Bou 270 eee eipelyg Slat 
00 “ 85 & 240 2705 eee ome 
PP 5 85 & 270 2500 Tao 9, 70.0 
RR 4 90 & 20 eee Sms Va 
ss 5 85 & 240 2os Taw 60.4 
19 3) SGe 2O OT: ee ole 
UU bs) 85 & 240 eo Vale, Set) 


NOTE: ASSUMED STANDARD WEIGHT OF 5” BY 12" SAMPLE EQUAL TO 9.37 ams 
ASSUMED STANDARD WEIGHT OF 4" BY 12" SAMPLE EQUAL TO 7.53 gms 


*- TREATMENT INDICATES THE “% EPOXY STARVATION DESIRED AND 
SQAK TIME OF THE SAMPLE. 
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APPENDIX E 


Gehring ewer OX), PLATE LAYUP SEHEME 


Plate I = te ply e206 200 


plate I-€1) - ply 6 resin starved 92.% 
plate I-¢€2) -—- plies 6 & 7 resin starved 97.07% 
plate I-(€3) - plies 6,7,& 8 resin starved 84.8% 





Plate la a2 ply O20 c7lesey 
plate II-¢1) - plies 6 & 7 precured 
plate II-¢€2) - plies 6 & 7 saline soaked 
pilate II-¢€3) - control 


Plate IT] S lerpiy pvel0c7 1 soe 


plate IITI-¢€1) - ply 6 resin starved 53.6% 
(1) \ Hiatt 2) — pb teouG ta 7 Fesin starved 350,54 
ver plate ITI-€3) - plies 6,7 & 8 resin starved 58.97 


Plate [¥V Sete woly  o20c7 13500 
out of vacuum bag 


plate IV-C1) - plies 6 & 7 saline soaked 
plate IV-¢(2) -— plies 6 & 7 resin starved! 60.6% 
place 1V—( 3)" control 








| 
Plate V_ - 8 ply 5208/7300 Control Sample 
me! (2) | (3) 
| 
| 
NOTE: 
* annotates top of plies Extent of resin starvation reported 
%#*£ 3/4"x 12" nonporous teflon is an average of the starved plies 


strips placed between plies 
6 & 7 as crack starters 


ee 
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APPENDIX F 


LAMINATE AUTOCLAVE CURE DATA 






ese ease eee ace a Ea et 
eee scree st nT =ELESSEGEEE 

SERRE EEE eet egeeePe LE 
See eee ree | SEB ES EEEERRESE 
ee — eeoeeeseaee 
eee | EE 
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APPENDIX G-f 


TEST SPECIMEN GEGMETRY REGUIREMENTS GND CUTTING SCHEME 


CeisnoiimoreeiitEN GEOMERRY REQUIREMENTS 


span = 5 times thickness 


L 
i 
| | length = 7 times thickness 


pa eS Oh (sos ~ 


NOTE: A SPAN OF 0.33 INCHES WAS USED FOR ALL SPECIMENS 


FROM PLATE 1, 2 AND 3. 
A SPAN OF 0.39 INCHES WAS USED FOR ALL SPECIMENS 
FROM PLATE 4. 
ACTUAL THICKNESS VARIED SLIGHTLY, BUT THE SPAN WAS 
KEPT THE SAME AS NOTED ABOVE. SINCE SHEAR STRENGTH 
EQUALS: 
S= 0.75 P 
bed 


WHERE: S= SHEAR STRENGTH 
P= FAILURE LOAD 
G= Sei MeNerHiCKNeSS 
be top ee Mon WlOthe= 0.125 1NCHES 


THE THICKNESS VARIATIGN WAS NOT CONSIDERED SIGNIFICANT. 


Zor 
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APPENDIX G-2 


SCHEME FOR CUTTING SAMPLES 


Example: Plate #2 


we--- § ------- p------- 9 tt rr nope ---- 25 ------ > 
Ami? 3*) 
Zz-())-upper z= (2) Upper 2-(3)-upper 
12." B (178) 
2-(1)-lower 2-(1)-l] cower 2-(3)-lower 
CC i782 


Baemecirip (4,8, and C) was cut into !/2° lengths i.e. 2-3-A-1, 2-3-A-2, etc. 


NOTE; in plate #4, 3/4" lengths were used to accomodate the increased thickness 
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APPENDI H 


Sone meio OF SELECTED “VOTO INOUCED® SPECIMENS 


% &% 
PLATE # TREATMENT SPEGHIMEN FINAL INTTIAL MEAN STANDARD 
FAILURE DEGRADATION €KSI) DEVIATION 
CKST) (KSI) CKST) 
i-1-A-4 oro Fe las) 
teloAcs 13.47 6.47 
1-1-A-6 14.14 Shae, 
eer LY 63 Bon. aac 4 Live 2 Saou 
BEestN SteaRVED 1-1-C-5 yenoe Say YA oe * 12.4! 1.47 
1 ed Ore OG ne 8.71 ## eqs fie 2 
Ms a le | ieee. Tine 
LolE=o Livac Thi 
=T=e=4 14.40 Yaa 
ae el eae, Vo cn 9.48 
a eae 15.46 ie 
a oe 14.38 9.74 
t=2-n=6 ee 72 
eee eS 6273 974 1-2-C-4 as: 7.38 
meet STARVED 1i-2-C-5 13206 By oclh tol ones ee 
{—2=Cso lous recep £% Pore. Goo 
ie aioe a eo 0 Tele 
hs ces 10.13 
a aa) 14.33 2.07 
=sah> 3S Dio? 9.63 
1-3-A-4 12.44 URE BS, 
ae at 10.71 Pg Bee 
meow llES $,7%8 es a es voll 
84.8% facet =4 aes Poe. See eo eee 
peo STARVED 1=3-C-5 ES) tesa yal o ee 0.905 
eos =1 9.44 G.00 
LaoseoS eI Se) 7476 
tzoeees Veeco ro 
aS i cio ee) Ate 7.40 


APP-D 


Pipi. 2 

2-1-A-4 isaoc Car) 

2-1-A-6 14.03 yeaa 

Bee FLIES 6&7 22 20e4 Lae ee 8.60 
PRECURED 3 Lease Ua) 6 725) 8) 60 * 14.09 1.43 
3u0 F-1 HR 2al=ts6 es) S76! Sealy %4 8.87 Deel 

LNs eet aren) 

2-4 120s ver ves) 

Caleeos it 20 ro 

Lo2shes 2.04 9.26 

22 anea iG ha Cas 

22a lee 2 Paes 

meee FLIES 6&7 A= 22sec food Vase 
SALINE SOAKED Pde Beds) 15.48 7 abe Speer? 2 eee 

Fey cia Balto 14.03 yee) X# Says ; 

222g e4 SE tS iee Faroe 

Va li it 7soe 8.60 

Dales Oo We od Cee 

2 soe Ss loy2e Tiree 

2=3=n=4 dS ay Tek? 

Nt al P2730 Ve oe 

eee) CONTROL Fate Tl Dae 1S.67 S200 
SAMPLE 2eScecH [S532 (mee oe Ze 
Cases s 16.45 Mie << 3) aes Q.73 

Fi eal area 8.70 7.76 

fa NS 13.98 eT 

peos=—4 ar eee 
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Eee 
3=h-A-4 W)C 1 Oe 
Seasne oO WF 7.76 
Se leniss Ones 8.87 
See FLY 6 RESIN Selet 4 14.71 8.84 
MARVED 33.64 ‘S>hel=5 Wee! Case oO! Caereke a ee 
6 )| [lore eeu 7.61 ¥4 C75 Sem ae: 
Ciel al Se | ar Sell ay 
goSe=4 Wee Sar? 
lad Vogel ae, J BUE TAU TAS 
S7Z-An4 it) 2 Paks 
3=2-A-9 8.83 eco 
3-2-A-$ Sr Uie 8.03 
See rLiES 6&7 eae5eae 10.70 epg as. 
SU. 07 Ga2eCso 11.43 7.86 a ale Al) VA ee 
Resi STARVED  3-2-C-6 lean 8.14 HX Saas a 0.495 
Sete so le ol 3. 
3226-4 Weed 2 Deus 
So 4ee 5 P2506 8.94 
Ca asl a bl 12.00 are we 
S=ScneHe eee ate 
S=oshe4 ied ee 
Become ciES 4,/7&8 See gees Voces Sa 
Se 77. neolN Sasse4 Jk eae’ 8.45 uty a tam TO 
STARVED Sacat—o yy patel Seo ¥* 8.74 Uae 
Seceesz 12.94 Ours 
Seoqe—c Lie Sq all 
Need lag Se A ee 3.71 


205 





REP=D 


PLATE 4_ 
Fo Fe z).-7 0 6.05 
4-1-A-3 ie Sow 
4-1-A-4 ee Fare onU6 
q-| LESS ope oh || 8) 4.20 Vio) 

SALINE SOAKED Ae1-—C-4 14.10 yay Ais 0 Nae ie 
(OUT OF VACUUM BAG) 4-1-C-5 14.70 6.20 &* fo ee 0) ns! 
ela) =|6 = 2 14.05 Joo 

Ho Sess 14.34 Dae 
Ee ed leat 13.45 Sow 
Eee 12,00 Cee 
eh | 1227 7.04 
4-2-A-4 1949.24 6.74 
eer Lt cS 6&7 4q-2-C-3 IS Actes! Tone) Ae oe Wi 
20.87% 4-2-C-4 14.34 7.34 %+* ont a 0.40 
RESIN STARVED 4-2-C-5 14.40 Js a0 
COUT OF VACUUM BAG) 4-2-E-3 Sel Sn ie 
4-2-E-4 SNe A) Wee are 
4-3-A-2 Vo eee | 
4-3-A-2 4.07 Sy eis 
4-3-A-4 ee Giz Soe 
4-3 CONTROL PSs 14.08 Fa oes a2 ES Ee rs: 1.74 
SAMPLE VBS fo.43 We ai oN Sn be 9! 
(OUT OF VACUUM BAG) 4-2-C-4 Pec Tees 
d—o-—E—] 9.14 oe as 
Be Nee 14.49 3.49 
qd=-3-E-3 Cue oe SoU 


BOTES 


BePomelineNs HRE Ivegecl, cen, 062 THICK 
S Celebs 4 SreGIMelS WilGH ARE 34°x% 
L/S°XVARYING THICKNESS OF APPROXIMATELY .08". 


(1) : PLATE 4 WAS LOCATED OUT OF THE VACUUM BAG. 

C2) 3: PLATES 1&3 MAY HAVE BEEN INSOVERTENTLY SWITCHED 
PE TC PUSSTLELE LABELING ERROR. 

(3) : INITIAL DAMAGE STRESS WAS DETERMINED AT THE POINT GN THE 
APPLIED STRESS-CONSTANT STRAIN RATE STRIP CHART RECORDING 
WHERE THE FIRST OBSERVABLE MQDULUS (SLOPE) CHANGE WAS 
EVIDENT. ¢ see Appendix I for graphical explanatian ) 
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APPENDIX 1 


GRAPHICAL REPRESENTATION OF FINAL & INITIAL FAILURE STRESS 


Example: Strip chart for specimen 1~-2-A-4 
Showing difference between final 
failure and initial degradation 
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APP-=D 


EFFECT OF VOID/POROQSITY DISTRIBUTION BASED ON INITIAL DEGRADATION 


PLATE # a 
MEAN 


mHmoHARPWWWNNN 
' ot 
Wn" WN KWON wh 


CHOW On 3O © NO SO SO SO 
| 
ws 


NOTE: THE DATA REFLECTS A WEAK TREND TCWARD LOWER 
STRENGTH IN CENTRALLY LOCATED SPECIMENS FRCM 

2 Be) OER Ie INGRoacee 1 

STRENGTH FOR CENTRALLY LOCATED SPECIMENS FROM 


PLATES 1,2 


PLATE 4. 


& 


Sa. 


PLATE LOCATICN 


NINN ODOOOMMDNO OO 


SiO 


oOo oo oO CTU oO 97DU O90 A000 & 
NJ 
cn 


208 


Anam mMmdaomn aowmmso vs 


oOoovo0o. CK OO OO CO & 


APPENDIX K 


ERECO ROUGE arOROohnt OLonk) SUT ION 


PASED CN FINAL FAILURE CRITERIA 


PLATE PLATE MEAN 
H LOCATION Gikous) 


| 1 4 
W Gd G2 ro NN ee 


bho ty AD OAD AD AD DO DD DO 
i 
mopmoarimoa ny 
be 
>» 


NOTE: PLATE 2 RESULTS BASED ON FINAL FAILURE CRITERIA 


STANDARD 
DEVIATION 


0.085 
W230 
0.903 
02786 
0.614 
eso 
Wg SOEs 
0.408 
Zoue 


WERE FELT TO BE REPRESENTATIVE. THE ABOVE DATA 


Repece lo piper Or sat GHER SiRENGTH IN’ CENTRALLY 


BUGS ED SCeECIVENS  eE@eatTGNee. 
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APPENDIX L 
STRESS-STRAIN-MODULUS TREND ANALYSIS (TRACINGS) 
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MICROGRAPHS OF SELECTED SPECIMENS 
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APPENDIX N 


16 Oeopt. autoclave technician...-«John Erewer...x-29s50 aftfice 
X-oocds layup room 


x-7503S autazlave raom 


3 Dept. testing techmician...Dave Moavenzaden...ecc Xe2diz2 


PomOeOt.e alloc laVomoacminictcatOr. Paul Lagace...se.s eX -SSES 


1/2/3 Dept. machine shop technician..Art Rudolph....x-2720 
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Bey oeawG Cneet LENGTH MODEL FOR 


Alaa oe iideecri el) OF VOIDS 
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Interlaminar Shear Strength 


Crack Length 


Viotd Goneen et 
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ress Intensity Factor Mode 


ave 


AmgmeMbIx E-2 


Sle IEP pO woebp TO PREDICT THE 
Pole TON ti eeenbnweosslivVe ShRENGTH DUE [TO VOIDS 


A macroscopic model by Foye C37] assumes: 


1. the f#iGer content is the same in a 
void area as 1€ 165 in an unvoided area 


=. the reinforcement in the void is 
Bacal. Vawmetrreetive fOr resisting 
longitudinal-transverse shear. 
Seeaclom (v—-1) 15 adapted from that model. and is 
used to predict the trend of compressive strenath 


reduction in GRF. 


iv-1] ee ol 1 188 + SISV 
: 7 ,# 244 Vy 


Q- = COMPRESSIVE STRENGTH WITH VOIDS 


COMPRESSIVE STRENGTH W/O VOIDS 


om 
li 


V/ = VOID CONTENT 
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DEVELOPMENT OF SHEAR FROFAGATION OF DELAMINATIONS MODEL [uo | 


MAGNITUDE OF CRITICAL LOAD AT WHICH 
FROFAGATION OF DELAMINATION IS IMMINENT 


aU 
A 
I 


Spee 2 eee VES evRrAce FRalCIURE ENERGY 
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WIDTH 


A FUNCTION OF FLAW LOCATION 
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ReaD wieGs 
MOMENT OF INERTIA 
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CALCULATION QF DIMNENSTIQNS FOR EQUIVGLENT FLEXURAL FIGIDITY 
1. SANDWICH | 
5.61, Oa he 
i ve Ss v4 O, © cn. ‘ 
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AFFENDIX F-3 


pivetieyois OF CRITICAL 
DELAMINATION SIZE FOR INSTABILITY FAILURE 


-_ : 1, DELAMINATION @ 

A Bb INTERFACE A-B 
SS je 
—————— a ae ema 





GRAM. CF SKIN 
———— pes pe i eS 
A A-B 


VA ie i 


% 
Pp | | P 2. FREE BODY DIA- 
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Bi Goue 


Cea We ee Pe yee ae 


4 
E= 20K. T- ,oip 1S 
iN 





FULER Pa ee L = it.iin. 
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aie ee 1 oP 4 


COMPAR TSUN GOR etiPle SULERK BUCKLING 
FREDICTION WITH MORE SOPHISTICATED ANALYSIS 


FOR A ONE INCH RECTANGULAR THROUGH WIDTH DELAMINATION: 


EXPERIMENTAL FESULT [43] (Glee — 25.960 par 
(Specimen as shown in Figure 74) pee 
AMALYTICAL FREDICTION [43] oF = 32.660 ps1 
4 v 
SIMFLE EULER BUCKLING ves = ie Ste gar 


(Same geometry) 





pica) 
| | 
Cm 
CR , { oF 
eo f VI aye 
he co ie=  2e2oen, 10 ey 1n 
aD U7) B= 2550 410 psi : 
« 2 = 
ee ee 
Cif : A ‘a 


Fiece of skin above delamination 


Cafe 





Ae PehDex F-5 


COVECrreeneOr SIMPLE EULER 
PREDIC mene with Z£—-D ANGLYSIS 


eee eA RESULTS FROM C44] PREDICT: 
(Geometry shown in Figure 26) 


2IN, CIRCULAR DCELAMINATON OM SMe) en 


[eee SULER BRUCELING ANALYSIS FREDICTS: 


oIN. RECTANGULAR DELAMINATION CC} = 2,267 psi 
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BaeeNDI kK F-6 


INSTABILITY FAILURE AS A 
PER CEeN@e@p PONE SeSsivVe FOLELURE STRESS 
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AEEENDIX F-7 


SUPFORTING CALCULATIONS 
FOR DELAMINATION MODELS 


o PL a 
7 i 
LOCAL LOADING MODEL: Ore 2-20 -000. ps1 


48 in 


ce ee in 








ee aa 
Eerie Tit es 
3% 
GLOBAL LOADING MODEL: Oe 2979 psi 
= 45 ft. 
Pp “Le = 2.376 in 
Gvro3 AL 
a = 1.6 in 
MAK 
a ee Se Se 
ue 
Ye , 
42 on 
| ** Based ona once 
in*20 years tend = 


ing load. See 
ew Figure 28. 
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SUFPFORTING CALCULATIONS 
FOR DELAMINATION MODELS 


USING A BASIC FROGRAM, THE CALCULATION OF CRITICAL LOAD WAS 
MADE FOR THE SHEAR PROPAGATION OF DELAMINATION MODEL (40). 
feeerPOLLOWING OUTPUTS ARE PROVIDED: 


LOCAL (GLOBAL 
(see FIG 20) (see FIG a1) 





a ei 
— 6s 
ies 
BREAK IN 9 
JFRH4 
RUN e 
2.02 Heer Real 
960 537.54 ne 
2,03 
1.44 Os, 26 SS 
7.04 
1.92 314.69 44 
2.05 
2.40 262.35 yi 
2.06 
2.88 242.07 32 
2.07 
eae 194.54 27 
7.08 
=.84 170.97 24 
2.10 
° 7.15 
4.80 Le 19 8i.90 feo) oe Ae 
a a ne 2.20 
59, 9 22 
Z,. -_ 108.0 4.22 
19.20 22 z 125.0 =.08 
IN (os, in, /b8. 
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AFFENDIX G~1 


GAeeVEeieen OF THE EFFECT OF 
ANISOTROFY ON STRESS CONCENTRATION FACTOR 


Geert tos)] THE STRESS CONCENTRATION FACTOR FOR AN INFINITE 
Peete WITH A HOLE OF RADIUS R IS GIVEN BY: 





=A Ay 
FOR THE MATERIAL OF INTEREST ¢ am fn on Dee) 
Se ee Kee OS 1 
G= .45 kK 10 psi 
Ky 
1) = 49 
ar 
ea 
n= 2.9 KR = 3.9 
(ORT HE) 
k —_ 
OD T (ORM) 
K = ett = lia 
ae 2 maaree i 
(150) a taeo) 


AFFENDIX G=-2 


EAR eee STRESS INTENSITY 
Bees fiemoeeo WN tis CRACES IN A FINITE FLATE 


Simei (49) tao oe eicity Poeerah FOR eA AGLE WITH 
Brees IN A FINITE FLATE IS: 





BY TAIAL AND ERROR: 


x INCHES 
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APPENDIX G-3 


Se eet tee eemetNATIONS OF HOLE AND CRACK 
Seo eS oo eee enn Or COMPRESSIVE FAILURE STRESS 
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GEOMETRY IS SHOWN IN FIGURE 30 
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